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Characterization  of  Influenza  Virus-Induced 
Leukocyte  Adherence  to  Human  Umbilical  Vein 
Endothelial  Cell  Monolayers1 


Margaret  Colden-Stanfield,2*  Don  Ratcliffe/  Eva  B.  Cramer/  and  Elaine  K.  Gallin’ 

•Department  of  Physiology,  Armed  Forces  Radiobiology  Research  Institute,  Bethesda,  MD  20889-5603;  and  'Department  of 
Anatomy  and  Cell  Biology,  State  University  of  New  York  Health  Science  Center  at  Brooklyn,  Brooklyn,  NY  11203 


Abstract.  The  adherence  of  undifferentiated  5,Cr-labeled  HL-60  (0.5  X  1 06  HL-60  cells/well)  cells  was  monitored 
on  influenza  virus-infected  HUVEC  monolayers.  Whereas  only  3.0  ±  1.6%  (n  =  36)  of  HL-60  cells  adhered  to 
uninfected  HUVEC,  adherence  was  increased  to  41.7  ±  2.2%  (n  =  6),  79.7  ±  1.2%  (n  =  6),  83.9  ±  0.7%  (n  = 
6),  and  84.4  ±  0.5%  (n  =  6)  on  HUVEC  infected  for  7  h  at  a  MOI  of  1,  3,  6,  and  9,  respectively.  In  comparison, 
HL-60  cell  adherence  increased  to  35%  when  HUVEC  monolayers  were  stimulated  with  LPS  (0.2-20  pg)  for  4  h. 
Increased  adherence  to  infected  HUVEC  occurred  at  5  h  postinfection,  peaked  at  7  h,  and  was  maintained  at  24 
h  postinfection.  Active  virus  and  metabolically  active  endothelial  cells  were  required  to  mediate  the  virus-induced 
adherence.  E-selectin  and  ICAM-1  Ag  were  upregulated  78.3-  and  4.1 -fold,  respectively,  by  LPS  (0.02-20  pg,  4  h) 
whereas  virus  infection  (7  h)  only  increased  these  proteins  2.6-  and  1.4-fold  with  a  MOI  >  16.  Although  the  time 
courses  of  expression  for  both  adhesion  molecules  after  LPS  treatment  or  virus  infection  were  similar,  the  difference 
in  the  magnitude  of  upregulation  suggests  that  virus-induced  adherence  is  not  a  result  of  upregulation  of  E-selectin 
and  ICAM-1 .  In  contrast,  surface  expression  of  HA  is  involved  in  HL-60  cell  adherence  to  virus-infected  HUVEC 
because  (1)  the  time  course  and  magnitude  of  HA  Ag  expression  paralleled  the  time  course  and  magnitude  of  HL-60 
cell  adherence  after  virus  infection  of  HUVEC;  (2)  HL-60  cell  aggregates  were  absent  on  infected  HUVEC  mono- 
layers  in  the  presence  of  anti-HA;  (3)  HL-60  cells  competed  with  RBC  for  infected  endothelial  cells  stained  for 
cellular  HA  Ag  and  (4)  anti-HA  abolished  the  virus-induced  adherence.  Furthermore,  it  appears  that  HL-60  cells 
are  binding  directly  to  HA  because  HL-60  cell  adherence  to  a  cell-free  surface  was  increased  if  virus  was  prebound 
and  neuraminidase  treatment  of  HL-60  cells  prevented  the  HL-60  cell  adherence  to  influenza  virus-infected  endo¬ 
thelial  monolayers.  Journal  of  Immunology,  1993,  151:  310. 


Leukocyte  adherence  to  endothelial  cells  lining 
blood  vessels  is  an  integral  part  of  an  inflammatory 
response.  Both  in  vivo  ( 1 )  and  in  vitro  (2-4)  studies 
indicate  that  reactive  oxygen  species  and  proteolytic  en¬ 
zymes  released  at  leukocyte-endothelial  cell  adherence 
sites  produce  endothelial  cell  injury.  Endothelial  cell  injury, 
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in  tum,  has  been  implicated  in  the  development  of  various 
vascular  disorders,  including  atherosclerosis,  vasculitis, 
and  adult  respiratory  distress  syndrome  (5-7).  In  some  of 
these  inflammatory  diseases,  the  presence  of  viral  particles, 
viral  antigens,  and  viral  DNA  has  suggested  that  viral  in¬ 
fections  play  a  role  in  the  progression  of  vascular  disease 
(5, 8-10).  Further  support  for  this  possibility  has  come  from 
in  vitro  observations  that  cultured  endothelial  cells  infected 
with  HSV,  CMV,  adenovirus,  or  polio  virus  develop  an  in¬ 
creased  adhesiveness  to  phagocytic  leukocytes  (7,  11-18). 

Whereas  few  studies  have  examined  the  role  of  endog¬ 
enous  endothelial  cell  adhesion  molecules,  such  as 
ICAM-1,  E-selectin,  and  P-selectin,  in  virus-induced 
leukocyte-endothelial  cell  adhesion,  their  roles  in  cytokine- 
induced  leukocyte  adhesion  have  been  well  characterized 
(19-24).  Furthermore,  little  is  known  about  the  role  of  viral 
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pathogen -derived  molecules  in  either  directly  or  indirectly 
mediating  leukocyte-endothelial  cell  adhesion.  In  HSV- 
infected  endothelial  cells,  the  viral  glycoprotein  C  molecule 
results  in  the  local  generation  of  thrombin,  which  then  me¬ 
diates  the  upregulation  of  P-selectin  (25).  Thus,  in  HSV- 
infected  endothelial  cells  a  viral  glycoprotein  indirectly  me¬ 
diates  the  increased  leukocyte  adherence. 

In  vitro  influenza  infection  of  endothelial  cells  also  pro¬ 
duces  an  increase  in  leukocyte  adherence  (26).  Although 
the  in  vivo  correlate  of  this  observation  is  unclear,  because 
influenza  is  commonly  associated  with  respiratory  epithe¬ 
lium,  extrapulmonary  manifestations  have  been  reported. 
These  manifestations  include  viremia  (27-28)  and,  follow¬ 
ing  fatal  influenza  pneumonia,  recovery  of  the  virus  from 
the  adrenal  glands,  heart,  liver,  meninges,  and  spleen  (29- 
32).  Thus,  in  vivo  infection  of  endothelial  cells  is  likely  to 
occur  during  a  disseminated  influenza  infection. 

The  purpose  of  this  study  was  to  further  characterize 
influenza  virus-induced  leukocyte  adherence  to  endothelial 
cell  monolayers  and  to  determine  the  mechanism  under¬ 
lying  the  increased  adherence.  We  have  demonstrated  an 
increased  adherence  of  HL-60  cells  to  influenza  virus- 
infected  HUVEC3  monolayers  as  early  as  5  h  after  infec¬ 
tion.  Whereas  small  increases  in  E-selectin  and  ICAM- 1  Ag 
expression  were  noted  in  infected  endothelial  cells,  these 
Ag  played  a  minor  role  in  the  increased  leukocyte  adher¬ 
ence.  Rather,  our  studies  indicate  that  HL-60  cell  adherence 
was  mediated  directly  by  the  expression  of  the  influenza 
virus  glycoprotein  HA  on  the  surface  of  the  infected  endo¬ 
thelium. 

Materials  and  Methods 

Cell  culture 

Endothelial  cells  were  dislodged  from  the  vessel  wall  of  the 
umbilical  vein  from  human  umbilical  cord  (Holy  Cross 
Hospital,  Bethesda,  MD)  by  incubating  with  a  1% 
collagenase/PBS  solution  (Type  II,  Worthington  Biochem¬ 
ical  Corp.,  Freehold,  NJ)  for  15  min  at  37 °C.  Cells  were 
sloughed  off  by  kneading  the  cord  and  flushing  the  lumen 
with  MCDB107  medium  (American  Biorganics,  Inc.,  N. 
Tonawanda,  NY).  Complete  MCDB107  containing  10% 
heat-inactivated  FCS  (Hyclone  Laboratories,  Inc.,  Logan, 
UT),  100  U/ml  penicillin,  100  fig/ml  streptomycin,  2  mM 
glutamine  (all  from  GIBCO  Laboratories,  Grand  Island, 
NY),  100  (xg/ml  heparin  (Sigma,  St.  Louis,  MO),  and  50 
pg/ml  endothelial  cell  growth  supplement  (H-Neurext,  Up¬ 
state  Biotechnology,  Inc.,  Lake  Placid,  NY)  was  added 
to  cells  that  were  then  centrifuged  at  1500  rpm  for  5  min 
to  pellet  cells.  Pellets  were  resuspended  in  complete 


3  Abbreviations  used  in  this  paper:  HUVEC,  human  umbilical  vein  endothelial 
cell;  HL-60,  human  promyelocy tic  leukemia  cell ;  HA,  hemagglutinin;  MOI, 
multiplicity  of  infection;  CPE,  cytopathic  effects;  TCID50,  50%  tissue  culture 
infectious  dose. 


MCDB107,  plated  in  100- mm  collagen-coated  (Type  II, 
Collaborative  Research,  Bedford,  MA)  tissue  culture 
dishes,  and  placed  in  a  37°C,  95%  air/5%  COrhumidified 
incubator.  Purity  of  our  endothelial  cell  population  was 
confirmed  by  the  characteristic  “cobblestone,"  nonoverlap¬ 
ping  morphology  of  confluent  monolayers  (33, 34)  and  the 
presence  of  uniformly  distributed  acetylated  low-density 
lipoprotein  identified  with  the  fluorescence  probe  1,1'- 
diotadecyl-l-3-3-3'-3'-tetramethyl-indocarbocyanine  per¬ 
chlorate  (Biomedical  Technologies,  Inc.,  Stoughton,  MA) 
as  previously  described  (35).  Experimental  data  were  ob¬ 
tained  from  HUVEC  in  their  second  to  sixth  passages, 
which  were  1  to  2  days  postconfluent. 

HL-60  cells  (American  Type  Culture  Collection,  Rock¬ 
ville,  MD)  were  used  in  the  undifferentiated  state  to  assess 
leukocyte-endothelial  cell  adherence.  The  cell  line  was 
grown  in  suspension  with  RPMI 1640  (GIBCO)  containing 
10%  nonheat-inactivated  FCS,  100  U/ml  penicillin,  100 
pg/ml  streptomycin,  200  pg/ml  neomycin,  and  2  mM 
glutamine.  HL-60  cells  used  in  the  adhesion  assay  were  in 
their  23rd  to  27th  passages. 

mAb 

Murine  mAb  HI 8/7  (IgG^,  a  gift  from  Dr.  M.  Gimbrone, 
Brigham  &  Women’s  Hospital,  Boston,  MA),  binds  to  a 
functional  epitope  on  the  HUVEC  surface  protein  ELAM-1 
(E-selectin).  Murine  mAb  84H10  (IgG^,),  donated  by  Dr. 
S.  Shaw  (National  Cancer  Institute,  Bethesda,  MD),  rec¬ 
ognizes  an  epitope  on  the  HUVEC  surface  protein  ICAM- 1 . 
Murine  mAb  H 1 7-L 1 9  (IgG  1 ),  which  blocks  the  RBC  bind¬ 
ing  site  on  the  globular  head  of  the  viral  glycoprotein  HA, 
was  produced  from  a  hybridoma  provided  by  Dr.  W.  Ger¬ 
hard  (Wistar  Institute,  Philadelphia,  PA).  Control  murine 
mAb,  W6/32  (IgG2»,  Accurate  Chemical  &  Scientific  Cor¬ 
poration,  Westbury,  NY),  which  recognizes  an  HLA-A,B,C 
determinant  constitutively  expressed  on  HUVEC,  was  used 
as  a  nonrelevant  binding  antibody. 

Virus  preparation  and  infection 

The  WSN  (H1N1)  strain  of  influenza  virus  type  A  was 
grown  in  the  MDCK  cell  line  as  previously  reported  (36). 
Stock  virus  was  titered  at  2-8  X  109  plaque-forming  U/ml 
and  stored  in  liquid  nitrogen  until  needed.  Endothelial  cells 
were  infected  by  adding  influenza  virus  (MOI  —  1,  unless 
otherwise  noted)  in  complete  MCDB 107  to  HUVEC  mono- 
layers.  After  1  h  of  adsorption,  the  medium  was  aspirated 
and  rinsed  once  before  fresh  complete  MCDB  107  was 
added  to  each  well. 

Assessment  of  cell  viability 

Cell  viability  was  assessed  after  virus  infection  and/or  LPS 
treatment  of  the  HUVEC  monolayers  by  performing  a  cy¬ 
totoxicity  assay  using  a  colorimetric  kit  (LK-100,  Proteins 
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Table  I 

Endothelial  cell  viability  after  virus  infection  and/or  LPS 
treatment* 


Treatment 

%  Cytotoxicity 

Naive  HUVEC  (spontaneous  release) 

L PS-treated  HUVEC 

5.2  jt  0.7  (10) 

3.9  ±  0.6  (S) 

Virus-Infected 

HUVEC 

7  to  9  h 
postinfection 

24  h 

postinfection 

MOI  0.1 

MOI  1 

MOI  8 

MOI  1  +  LPS  0.5  pg 

3.9  ±  0.6  (9) 
3.3  ±  0.9  (5) 
2.7  ±  0.5  (5) 

28.2  ±  3.2  (5)* 
20.4  ±  1 .2  (5)* 

30.3  ±  0.6  (5)* 

*  Data  are  expressed  as  the  mean  ±  SEM  with  the  number  at  observations 
in  parenthesis.  HUVEC  monolayers  were  either  mock-infected,  infected,  or 
infected  and  LPS-tteated.  Cytotoxicity  was  assessed  as  described  in  the  Mate- 
rials  and  Methods. 

The  symbol  *  denotes  a  statistical  difference  between  spontaneous  release 
(naive  HUVEC)  and  the  test  group  ( p  £  0.05). 


International,  Rochester  Hills,  MI)  that  equates  the  release 
of  lactate  dehydrogenase  to  the  number  of  injured  cells.  At 
various  times  after  virus  infection  (MOI 0. 1 , 1 ,  or  8)  and/or 
4  h  after  LPS  treatment  (0.5  fig)  of  HUVEC  monolayers 
plated  in  96- well  plates,  100  pel  of  supernatant  from  each 
well  was  mixed  with  100  jxl  of  substrate  mixture.  After  30 
min,  color  development  was  stopped  with  1  N  HC1,  and 
absorbance  was  read  at  492  nm  wavelength  on  a  Titertek 
ELISA  plate  reader  (ICN  Biomedicals,  Inc.,  Costa  Mesa, 
CA).  Supernatants  from  control  HUVEC  were  used  to  mea¬ 
sure  the  spontaneous  release  of  the  enzyme,  whereas  su¬ 
pernatants  from  HUVEC  exposed  to  a  lysing  reagent  were 
used  to  determine  the  maximum  release  of  the  enzyme.  The 
following  equation  was  used  to  calculate  percentage  of  cy¬ 
totoxicity: 


%  cytotoxicity  = 


exp.  abs  -  spont.  abs. 

_ - _ l _ X  100 

max.  abs.  -  spont.  abs. 


As  shown  in  Table  I,  there  was  no  measurable  cytotoxicity 
7  to  9  h  after  virus  infection.  In  addition,  a  4-h  LPS  treat¬ 
ment  or  a  combined  virus  infection  (7-9  h)  and  4-h  LPS 
treatment  did  not  affect  viability  of  the  HUVEC  monolay¬ 
ers.  Cytotoxicity  (20-30%)  was  observed  only  24  h  after 
virus  infection  of  HUVEC.  Therefore,  experiments  were 
performed  7  h  after  virus  infection  except  when  time 
courses  were  generated. 


contained  no  virus.  After  a  1-h  adsorption  period  in  a  37°C 
5%  C02-humidified  incubator,  the  medium  was  aspirated 
and  replenished,  and  cultures  were  returned  to  the  incuba¬ 
tor.  Daily  readings  of  CPE  were  recorded  with  the  assay 
being  terminated  on  day  7.  The  observed  viral  CPE  was 
corroborated  using  a  hemadsorption  assay  with  human 
RBC  (39)  to  detect  surface  viral  HA  protein.  The  TCIDyj 
was  determined  by  the  method  of  Reed  and  Muench  (40). 
In  viral  titrations,  the  hemadsorption  endpoint  was  com¬ 
pared  with  the  Cre  endpoint.  Wells  with  visible  CPE  were 
always  positive  by  hemadsorption,  and  wells  with  no  signs 
of  CPE  were  always  negative. 

Adhesion  assay 

HUVEC  (30  X  104  cells/well)  were  seeded  in  collagen- 
coated  24- well  plates  48  h  before  the  confluent  monolayers 
were  virus  infected.  For  comparison,  other  HUVEC  mono- 
layers  were  treated  with  LPS,  a  known  promoter  of 
leukocyte-endothelial  cell  interactions  (41-44).  At  various 
times  after  infection  or  LPS  treatment,  5lCr-labeled  HL-60 
cells  (0.5  X  106  cells/well)  suspended  in  Dulbecco’s 
MEM/5%  FCS  were  added  to  HUVEC  monolayers  for  30 
min  at  37°C  in  a  5%  C02-humidified  incubator.  Unbound 
HL-60  cells  were  aspirated,  and  the  endothelial  cell  mono- 
layers  were  washed  five  times  with  assay  medium  before 
the  remaining  adherent  cells  were  lysed  with  1  N  NH4OH. 
The  lysate  and  a  second  wash  with  NH4OH  were  trans¬ 
ferred  to  vials  for  subsequent  radioanalysis  using  an  LKB 
1282  COMPUGAMMA  Counter  CS  (LKB  Wallac,  Turku, 
Finland).  The  percentage  of  HL-60  cell  adherence  was  cal¬ 
culated  as: 

%  adherence 

_  cpm  test  HL-60  cells  -  cpm  NH4OH  ^ 
cpm  total  HL-60  cells  -cpm  NH4OH 

The  effects  of  endothelial -directed  mAb  on  HL-60  adher¬ 
ence  to  uninfected  or  virus-infected  HUVEC  were  deter¬ 
mined  by  incubating  HUVEC  with  saturating  concentra¬ 
tions  (90  fig/ml)  of  endothelial  cell-directed  mAb  for  30 
min  at  37°C  before  and  during  the  adhesion  assay. 

Detection  of  cell  surface  antigens 


Virus  infectivity  titrations 

To  determine  the  susceptibility  of  HUVEC  monolayers  to 
influenza  virus  infection,  infectivity  was  measured  by 
quantitating  the  dilution  of  virus  at  which  50%  of  the  in¬ 
fected  cultures  possessed  CPE  such  as  cell  rounding,  de¬ 
tachment,  or  death  (37-38).  HUVEC  seeded  in  96-well 
plates  were  infected  with  100  p.1  of  serial  10-foid  dilutions 
of  the  virus  in  cold  MCDB107.  Wells  with  uninfected 
HUVEC  were  treated  identically  except  that  the  medium 


To  measure  surface  Ag  expression  on  HUVEC  monolayers 
after  influenza  virus  infection  of  LPS  treatment,  2% 
paraformaldehyde-fixed  (15  min  at  room  temperature) 
HUVEC  monolayers  in  collagen-coated  96-well  plates 
were  first  incubated  with  PBS/1  %  BSA  for  30  min  at  room 
temperature  to  block  nonspecific  binding.  Each  subsequent 
step  of  the  ELISA  was  carried  out  at  room  temperature  with 
three  washes  of  PBS/1  %  BSA  between  steps.  The  fixed 
monolayers  were  incubated  in  turn  with  a  saturating  con¬ 
centration  of  the  test  mAb  and  a  peroxidase-conjugated 


Journal  of  Immunology 


313 


goat  anti-mouse  IgG  (Sigma)  for  1  h.  o-Phcnylenertiaminc 
(0.4  mg/ml)/0.012%  hydrogen  peroxide  in  a  0.05/0.025  M 
phosphate/citrate  buffer,  pH  5.0,  was  added  to  each  well. 
Color  development  was  stopped  with  3  M  H2SO4  at  20  min, 
and  the  OD  was  read  at  492  nm  wavelength.  The  degree  of 
specific  Ag  expression  was  calculated  by  subtracting  non¬ 
specific  binding  of  the  secondary  antibody  from  all  test 
values. 

Colocalization  of  cell  aggregates  and  HA  Ag 

A  modification  of  the  hemadsorption  assay  was  used  to 
confirm  that  RBC  and/or  HL-60  cell  aggregates  were  bind¬ 
ing  to  infected  endothelial  cells.  Infected  HUVEC  mono- 
layers  seeded  on  fibronectin-coated  (Collaborative  Re¬ 
search,  Inc.,  Bedford,  MA)  glass  coverslips  (Bellco 
Biotechnology  Vineland,  NJ)  were  incubated  for  30  min  at 
37°C  in  a  5%  COrhumidified  incubator  with  either  RBC 
(human  Type  O,  0.5%  in  Gey’s  balanced  salt  solution), 
HL-60  cells  (0.5  x  106  cells),  or  medium  lacking  cells. 
Cultures  were  rinsed  of  nonadherent  cells,  and  then  the 
second  cell  type  was  added  to  some  cultures  for  30  min 
before  cultures  were  washed  of  nonadherent  cells.  The  re¬ 
maining  endothelial  cell  monolayers  with  adherent  RBC 
and/or  HL-60  cells  were  fixed  with  2%  paraformaldehyde 
in  PBS  (7.4)  for  30  min  on  ice.  Cellular  HA  Ag  was  flu- 
orescently  monitored  by  permeabilizing  the  fixed  HUVEC 
monolayers  in  -20°C  *retone  for  3  min  before  rinsing  in 
PBS/50  mM  NK,C1  and  storing  overnight  at  4°C.  The 
monolayers  were  then  washed  in  PBS/1%  BSA  for  30  min 
at  room  temperature,  incubated  with  intact  anti-HA  (HI  7- 
L19, 1:20)  for  1  hat  room  temperature,  rinsed  with  PBS/1% 
BSA,  and  incubated  with  a  rhodamine-conjugated  goat 
anti-mouse  IgG  (1:100,  Sigma).  After  1-h  incubation  at 
room  temperature  in  the  dark  with  the  secondary  antibody, 
HUVEC  monolayers  were  washed,  monitored  for  fluores¬ 
cence  with  rhodamine  optics  (546  to  610  nm  excitation/590 
nm  emission/580  nm  dichroic  mirror,  Carl  Zeiss,  Inc., 
Thomwood,  NJ),  and  photographed  on  Ektachrome  Tung¬ 
sten  160  film  (Eastman  Kodak  Co.,  Rochester,  NY). 

Data  analysis 

To  test  the  effect  of  virus  infection  of  HUVEC  monolayers 
on  HL-60  cell  adherence  and  Ag  expression  the  Student’s 
r-test  was  used.  The  symbol  *  denotes  a  statistical  differ¬ 
ence  ( p  <.  0.05)  between  test  and  corresponding  control 
groups. 


Results 

Susceptibility  of  HUVEC  monolayers  to  influenza 
virus  infection 

The  ability  of  influenza  virus  to  infect  HUVEC  monolayers 
and  produce  CPE  was  monitored  over  a  7-day  period. 
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FIGURE  1.  Dose  response  of  HL-60  cell  adherence  to 
HUVEC  monolayers  (A)  influenza  virus  infected  for  7  h  or  (B) 
LPS  treated  for  4  h.  HUVEC  monolayers  were  exposed  to 
various  concentrations  of  virus  or  LPS,  and  a  standard  adhe¬ 
sion  assay  was  performed  as  described  in  Materials  and 
Methods.  Each  point  represents  the  mean  ±  SEM  of  six  rep¬ 
licates  in  a  representative  experiment  of  three  separate  ex¬ 
periments.  In  this  graph  and  all  subsequent  graphs,  error  bars 
are  omitted  when  smaller  than  the  size  of  the  symbol.  The 
open  symbols  in  all  figures  indicate  control  HUVEC. 


Endothelial  cytoplasmic  vacuolization  was  detected  in  all 
HUVEC  cultures  (n  =  8)  infected  with  a  lfT6  dilution  on 
day  3  after  infection,  whereas  cellular  detachment  was  ev¬ 
ident  on  days  4  to  7  with  that  same  dilution.  However,  only 
3  of  8  wells  and  1  of  8  wells  showed  evidence  of  CPE  on 
days  3  to  7  for  HUVEC  cultures  infected  with  10-7  and  I0~® 
dilutions,  respectively.  A  10~56  TCID^ml  dilution  was 
calculated  to  be  the  dilution  at  which  50%  of  the  HUVEC 
cultures  would  possess  CPE.  In  comparison,  MDCK  epi¬ 
thelial  cells,  which  are  known  to  fully  support  influenza 
virus  replication,  have  a  10-8  TCID  jo/ml  with  a  comparable 
viral  pool. 

Characterization  of  HL-60  cell  adherence  to 
influenza  virus-infected  or  LPS-treated  HUVEC 

The  adherence  of  HL-60  cells  to  uninfected  control 
HUVEC  monolayers  was  3.0  ±  1.6%  (Fig.  1  A).  In  con¬ 
trast,  HL-60  cell  adherence  to  influenza  virus-infected 
HUVEC  monolayers  monitored  7  h  postinfection  was  in¬ 
creased  in  a  concentration-dependent  manner.  Adherence 
was  saturated  with  83%  of  HL-60  cells  binding  to  endo¬ 
thelial  monolayers  infected  with  a  MOI  £4  (Fig.  1  A).  Mi¬ 
croscopic  inspection  of  monolayers  indicated  that  HL-60 
cells  bound  in  both  singlets  and  aggregates  to  infected 
HUVEC  monolayers.  A  similar  virus-induced  adherence 
occurred  with  c  AMP-differentiated  HL-60  cells  and  freshly 
isolated  human  neutrophils  (data  not  shown).  This  virus- 
induced  adherence  differed  from  die  adhesion  produced  by 
treating  HUVEC  for  4  h  with  saturating  concentrations  of 
LPS,  where  HL-60  cells  adhered  as  singlets,  and  adherence 
was  increased  to  only  35%  (Fig.  1  B). 

HL-60  cell  adherence  to  LPS-treated  HUVEC  reached 
maximal  levels  by  3  h,  remained  elevated  through  7  h,  and 
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Time  Postintection  (h) 

FIGURE  2.  Time  course  of  HL-60  cell  adherence  to  virus- 
infected  or  LPS-treated  HUVEC  monolayers.  HL-60  cell  ad¬ 
herence  to  HUVEC  monolayers  was  monitored  at  various 
times  after  virus  infection  (MOI  1  or  8)  or  LPS  treatment  (0.5 
pg).  Each  point  is  the  mean  ±  SEM  of  six  replicates  in  a 
representative  experiment  of  three  separate  experiments. 

decreased  49%  after  24  h  of  LPS  treatment  (Fig.  2).  In¬ 
creased  adherence  to  infected  HUVEC  occurred  at  5  h 
postinfection,  peaked  at  7  h,  and  remained  at  maximal  lev¬ 
els  24  h  after  infection  regardless  of  the  virus  titer  used  (Fig. 
2). 

To  determine  if  viable  influenza  virus  was  required  to 
stimulate  HL-60  cell  adherence  to  HUVEC  monolayers,  the 
adhesion  assay  was  performed  with  active  and  UV- 
inactivated  virus.  Exposure  of  the  virus  to  UV  light  for  30 
min  before  addition  to  HUVEC  monolayers  abolished  the 
increase  in  HL-60  cell  adherence  (data  not  shown).  Fur¬ 
thermore,  HL-60  cell  adherence  to  paraformaldehyde-fixed 
HUVEC  that  were  subsequently  infected  with  active  virus 
failed  to  show  an  increased  adherence  (Fig.  3,  striped  bar). 
In  contrast,  HUVEC  fixed  7  h  after  infection  with  active 
virus  displayed  an  8.6-fold  increase  in  leukocyte  adherence 
(Fig.  3,  filled  bar).  Fixing  HL-60  cells  before  performing 
the  adhesion  assay  with  infected  HUVEC  did  not  prevent 
the  virus-induced  adherence  (data  not  shown).  Thus,  the 
interaction  of  metabolically  active  endothelial  cells  and  live 
virus  was  required  for  the  increased  HL-60  cell  adherence, 
while  metabolically  active  HL-60  cells  were  not  required. 

Surface  expression  of  endothelial  adhesion  molecules 

The  dose-response  of  E-selectin  and  ICAM-1  surface  Ag 
expression  induced  by  either  influenza  virus  infection  or 
LPS  treatment  is  shown  in  Figure  4.  While  the  ICAM-1  Ag 
was  expressed  constitutively  on  the  surface  of  uninfected 
endothelial  cells,  the  E-selectin  Ag  was  not.  ICAM-1  and 
E-selectin  expression  was  increased  1.1-  and  1.4-fold,  re¬ 
spectively,  with  an  MOI  of  1,  and  maximally  increased  1.3- 
and  2.6-fold  with  an  MOI  >  16  (Fig.  4  A).  As  a  comparison, 
the  surface  expression  of  ICAM-1  and  E-selectin  was  mon¬ 
itored  after  a  4-h  treatment  of  HUVEC  with  LPS  (Fig.  4  B). 
ICAM- 1  and  E-selectin  Ag  increased  by  4. 1  -  and  78.3-fold, 
respectively,  after  exposure  to  LPS  (0.02-20  fig).  Consti¬ 
tutively  expressed  HLA-A,B,C  Ag,  monitored  by  the 


FIGURE  3.  Effect  of  fixation  on  HL-60  cell  adherence  to 
virus-infected  HUVEC  monolayers.  The  adhesion  assay  was 
performed  with  HUVEC  monolayers  that  were  either  mock- 
or  virus-infected  (MOI  8)  before  ( solid  bars)  or  after  (striped 
bars)  fixing  with  2%  paraformaldehyde  for  5  min  and  washed 
twice.  The  open  bars  represent  unfixed  HUVEC  monolayers. 
A  small  decrease  in  antigenicity  produced  by  fixation  prob¬ 
ably  caused  the  slight  decline  in  HL-60  cell  adherence  to 
fixed  uninfected  HUVEC  monolayers.  Each  bar  is  the  mean  ± 
SEM  of  six  replicate  wells  in  a  typical  experiment  of  three 
separate  experiments. 
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FIGURE  4.  Dose  response  of  surface  Ag  expression  on 
HUVEC  monolayers  (A)  virus  infected  for  7  h  or  (B)  LPS 
treated  for  4  h.  HUVEC  were  exposed  to  various  concentra¬ 
tions  of  virus  or  LPS,  and  surface  ICAM-1  and  E-selectin 
expression  was  quantitated  by  the  ELISA  assay  described  in 
Materials  and  Methods.  Note  the  difference  in  the  ordinate 
scales.  Each  point  is  the  mean  ±  SEM  of  quadruplicate  wells 
of  a  representative  experiment  of  two  separate  experiments. 
Ag  expression  for  both  adhesion  molecules  was  significantly 
greater  than  control  Ag  expression,  (open  symbols)  at  LPS 
concentrations  S  0.0002  pg. 

W6/32  antibody  of  the  same  isotype,  was  not  altered  by 
LPS  treatment  or  virus  infection  of  HUVEC  (data  not 
shown). 

The  time  course  of  Ag  expression  of  both  adhesion  mole¬ 
cules  after  virus  infection  or  LPS  treatment  was  followed 
using  a  virus  titer  and  an  LPS  dose  shown  to  induce 
E-selectin  and  ICAM-1  (Fig.  5).  E-selectin  surface  Ag  was 
induced  on  virus-infected  HUVEC  as  early  as  1  h  postin¬ 
fection,  peaked  between  5  and  7  h  postinfection,  and  began 
to  decrease  at  24  h  postinfection  (Fig.  5  A).  Virus-induced 
ICAM-1  expression  did  not  begin  until  5  h  and  continued 
to  increase  by  24  h  postinfection.  A  comparison  of  the  data 
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FIGURE  5.  Time  course  of  surface  antigen  expression  on 
HUVEC  monolayers  (A)  virus  infected  with  an  MOI  of  1  or  (B) 
treated  with  0.5  pg  LPS.  ICAM-1  and  E-selectin  expression 
was  quantitated  at  *  *tious  times  after  virus  infection  or  LPS 
treatment  of  HUVEl  monolayers.  Note  the  difference  in  the 
ordinate  scales.  Each  point  is  the  mean  ±  SEM  of  quadrupli¬ 
cate  wells  in  a  typical  experiment  of  three  separate  experi¬ 
ments. 

on  virus-infected  HUVEC  (Fig.  5  A)  to  that  obtained  from 
LPS-treated  HUVEC  (Fig.  5  B)  indicates  that  the  magni¬ 
tude  of  the  increase  in  endothelial  adhesion  molecules  in¬ 
duced  by  virus  infection  follows  a  similar  time  course  but 
was  less  than  30%  of  the  expression  after  LPS  treatment. 

It  was  possible  that  influenza  virus  infection  of  HUVEC 
reduced  host  protein  synthesis,  thereby  producing  only 
small  increases  in  E-selectin  and  ICAM-1  Ag.  To  test  this 
possibility,  HL-60  cell  adherence  and  adhesion  molecule 
Ag  expression  was  monitored  after  a  combined  virus  in¬ 
fection  and  LPS  treatment  protocol.  Five  h  after  HUVEC 
monolayers  were  infected  with  influenza  virus,  the  infected 
cells  were  exposed  to  LPS  (0.5  p.g)  for  4  h.  This  time  point 
was  chosen  because  at  5  h  postinfection  cells  will  be  ac¬ 
tively  synthesizing  and  packaging  viral  proteins  (39,  45). 
As  shown  previously,  HL-60  cell  adherence  to  HUVEC 
monolayers  was  enhanced  36-fold  after  virus  infection,  and 
4  h  of  LPS  treatment  alone  produced  a  13-fold  increase  in 
adherence  (Fig.  6  A).  HUVEC  exposed  to  a  combination  of 
influenza  virus  and  LPS,  however,  showed  an  additive  ef¬ 
fect  with  a  46-fold  increase  in  HL-60  cell  adherence  com¬ 
pared  to  control  conditions  (Fig.  6  A),  indicating  that  prior 
virus  infection  did  not  significantly  inhibit  LPS-induced 
HL-60  cell  adherence. 

ICAM-1  and  E-selectin  Ag  expression  was  quantitated 
under  the  same  experimental  conditions.  While  virus  in¬ 
fection  alone  only  increased  ICAM-1  and  E-selectin  ex¬ 
pression  by  1.3-  and  2.6-fold,  respectively,  LPS  treatment 
produced  a  2.7-  and  67-fold  respective  increase  in  these 
surface  proteins  (Fig.  6  B).  ICAM-1  and  E-selectin  Ag  ex¬ 
pression  continued  to  be  upregulated  by  LPS-treatment  af¬ 
ter  virus  infection  of  HUVEC.  However,  the  actual  2.3-  and 
60.2-fold  respective  increase  in  ICAM-1  and  E-selectin  Ag 
following  the  combined  treatment  protocol  was  43  and 
14%,  respectively,  lower  than  the  expected  values  would 
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FIGURE  6.  (A)  HL-60  cell  adherence  to  and  (B)  surface  Ag 
expression  on  HUVEC  monolayers  that  were  either  control 
(naive),  virus  infected  (MOI  1),  LPS  treated  (0.5  pg),  or  in¬ 
fected  and  LPS  treated.  The  combined  treatment  protocol 
consisted  of  HUVEC  monolayers  being  infected  for  5  h  be¬ 
fore  they  were  LPS  treated  for  4  h.  Each  bar  is  the  mean  ± 
SEM  of  (A)  six  replicates  and  (B)  four  replicates  of  two  sepa¬ 
rate  experiments.  *  denotes  a  statistical  difference  ( p  <  0.05) 
between  test  and  corresponding  control  groups,  t  signifies  a 
significant  difference  between  the  combined  treatment  group 
and  the  infected  group  (p  <,  0.05).  4  indicates  a  statistical 
difference  between  the  combined  treatment  group  and  the 
LPS  group  (p  <  0.05). 

have  been  if  the  effects  of  LPS  treatment  and  viral  infection 
were  additive.  Nonetheless,  the  small  reduction  in  ICAM-1 
and  E-selectin  levels  by  infection  cannot  account  for  the 
failure  of  virus  infection  to  maximally  upregulate  these 
molecules. 

Role  of  the  influenza  viral  glycoprotein  HA  in 
virus-induced  adherence 

The  hemadsorption  assay  and  immunofluorescence  tech¬ 
niques  demonstrated  that  HL-60  cells  bind  and  aggregate 
to  endothelial  cells  that  stain  positive  for  the  HA  Ag  (Fig. 
7).  In  fact,  HL-60  cells  competed  with  RBCs  for  binding 
to  HA-positive  endothelial  cells,  suggesting  that  HL-60 
cells  bound  specifically  to  the  HA  protein  on  the  surface  of 
the  infected  HUVEC  (Fig.  7  C).  To  determine  if  sialic  acid 
residues  on  the  surface  of  HL-60  cells  interacted  with  HA 
protein  budding  on  the  infected  HUVEC  monolayer,  we 
treated  HL-60  cells  with  neuraminidase  to  cleave  sialic  acid 
residues  and  quantitated  adherence  to  virus-infected 
HUVEC  monolayers.  While  HL-60  cell  adherence  to  un¬ 
infected  HUVEC  monolayers  was  not  affected  by  prior 
neuraminidase  treatment,  virus-induced  adherence  was  in¬ 
hibited  by  98%  (Fig.  8). 

As  illustrated  in  Fig.  9,  HA  Ag  expression  was  monitored 
on  HUVEC  monolayers  7  h  after  infection  with  various 
titers  of  influenza  virus.  As  expected,  there  was  minimal 
HA  expression  on  the  surface  of  uninfected  HUVEC  mono- 
layers.  However,  infection  of  the  endothelial  cell  mono- 
layers  dose-dependently  increased  HA  Ag  with  a  maximal 
12.7-fold  increase  at  an  MOI  >  16,  which  was  shown  pre¬ 
viously  to  saturate  HL-60  cell  adherence.  HA  expression 
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FIGURE  7.  Bright  field  ( left  panel)  and  fluorescent  (right 
panel)  micrographs  examining  colocalization  of  (A)  RBC,  (0) 
HL-60,  or  (O  RBC  +  HL-60  aggregates  and  cellular  HA  Ag  7 
h  after  influenza  virus  infection  (MOI  24)  of  HUVEC  mono- 
layers.  Virus-infected  HUVEC  monolayers  were  incubated 
with  RBC,  HL-60  cells,  or  RBC  first  and  then  HL-60s  or  vice 
versa  before  they  were  fixed  and  stained  for  cellular  HA  Ag  as 
described  in  Materials  and  Methods.  Bar  =  45  pm. 


FIGURE  8.  Effect  of  neuraminidase  treatment  of  HL-60 
cells  on  adherence  to  virus-infected  HUVEC  monolayers. 
HL-60  cells  were  exposed  to  neuraminidase  (0.1  U,  from 
Vibrio  cholerae,  Sigma,  St.  Louis)  in  RPMI/5%  FCS  for  30  min 
at  37°C  with  gentle  agitation,  washed  several  times,  and  then 
used  in  the  adhesion  assay  to  quantitate  adherence  to 
HUVEC  monolayers  infected  (MO1 1 )  for  7  h.  Each  bar  is  the 
mean  ±  SEM  of  five  to  six  replicate  wells  in  a  representative 
experiment  of  two  separate  experiments. 

was  similar  with  titers  as  high  as  an  MOI  of  90  (data  not 
shown).  This  viral  protein  was  not  apparent  on  infected 
HUVEC  until  5  h  postinfection,  peaked  at  7  h,  and  remained 
maximal  at  24  h  postinfection,  which  paralleled  the  time 
course  of  HL-60  cell  adherence  to  the  infected  endothelium 
(Fig.  10).  HA  Ag  expression  was  not  evident  on  HUVEC 
treated  with  LPS  for  4  h  at  concentrations  that  maximally 
induced  expression  of  E-selectin  and  ICAM-1  Ag  (data  not 
shown). 

To  directly  demonstrate  the  role  of  surface  HA  in  the 
virus-induced  adherence,  two  experimental  protocols  were 
performed.  First,  uninfected  and  infected  HUVEC  were  in- 
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FIGURE  9.  Dose  response  of  surface  HA  antigen  expres¬ 
sion  on  infected  HUVEC  monolayers.  Seven  hours  after  ex¬ 
posure  of  HUVEC  monolayers  to  various  titers  of  influenza 
virus,  monolayers  were  fixed,  and  HA  Ag  expression  was 
quantitated  using  H17-L19  (anti-HA)  in  the  ELISA  assay  de¬ 
scribed  in  Materials  and  Methods.  Each  point  is  the  mean  ± 
SEM  of  quadruplicate  wells  in  a  representative  experiment  of 
two  separate  experiments.  HA  Ag  expression  was  signifi¬ 
cantly  different  from  control  Ag  expression  at  MOI  £  1 . 

cubated  with  F(ab’)2  fragments  of  anti-HA,  intact  anti-E- 
selectin,  anti-ICAM-1,  and/or  anti-HLA  before  and  during 
the  adhesion  assay.  The  presence  of  anti-HA  alone  blocked 
the  virus-induced  HL-60  cell  adherence  by  95%  while  it 
had  no  effect  on  basal  adherence  (Fig.  1 1).  In  addition,  no 
HL-60  cell  aggregates  were  visible  on  infected  HUVEC 
monolayers  in  the  presence  of  anti-HA.  While  the  com¬ 
bined  presence  of  antibodies  against  HA,  E-selectin,  and 
ICAM-1  inhibited  the  virus-induced  adherence  by  96.5%, 
there  was  no  specific  effect  of  anti-E-selectin  and  anti- 
ICAM- 1  on  induced  adherence  since  exposure  to  these  two 
antibodies  inhibited  virus-induced  adherence  to  the  same 
extent  (19%)  as  the  nonrelevant  binding  anti-HLA  (Fig. 
11). 

Second,  the  adhesion  assay  was  performed  with  5lCr- 
labeled  HL-60  cells  in  the  absence  of  HUVEC  monolayers 
on  polylysine-coated  wells  without  and  with  bound  influ¬ 
enza  virus.  Adherence  of  HL-60  cells  to  polylysine-coated 
wells  was  minimal  with  bound  singlets  (Fig.  12).  However, 
when  HL-60  cells  were  added  to  wells  that  had  the  virus 
bound  to  the  surface,  there  was  a  threefold  increase  in  ad¬ 
herent  HL-60  cells,  with  some  cells  binding  as  aggregates 
(Fig.  12). 

Discussion 

Viral  infections,  including  influenza  virus  infections,  have 
been  associated  with  leukopenia  (46-50).  One  of  the  pos¬ 
sible  causes  for  this  virus-induced  leukopenia  may  be  ad¬ 
herence  of  circulating  leukocytes  to  virus-infected  endo¬ 
thelial  cells  lining  blood  vessels  since  as  both  enteroviruses 
that  cause  an  acute  lytic  infection  and  adenoviruses  that 
produce  a  chronic,  slowly  lytic  infection  of  endothelial  cell 
monolayers  also  have  been  shown  to  enhance  granulocyte 
adherence  to  endothelial  cell  monolayers  (11-12).  In  this 
study  we  demonstrate  that  infection  of  cultured  endothelial 
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FIGURE  10.  Time  course  of  HA  Ag  ex¬ 
pression  on  infected  HUVEC  monolay¬ 
ers.  At  various  times  after  virus  infection 
(MOI  1)  of  HUVEC  monolayers,  surface 
HA  Ag  expression  was  measured.  Each 
point  is  the  mean  ±  SEM  of  quadrupli¬ 
cate  wells  in  a  representative  experiment 
of  two  separate  experiments.  Inset:  Time 
course  of  HL-60  cell  adherence  to  virus- 
infected  (MOI  1)  HUVEC  monolayers 
(same  as  in  Fig.  2). 
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FIGURE  11.  Effect  of  endothelial-di- 
rected  antibodies  on  HL-60  cell  adher¬ 
ence  to  virus-infected  HUVEC  monolay¬ 
ers.  Uninfected  or  infected  (MOI  1,  7  h 
postinfection)  HUVEC  monolayers  were 
exposed  to  no  antibody,  anti-HA  (HI  7- 
L19),  anti-E-selectin  (HI 8/7),  anti-ICAM-1 
(84H10),  and/or  anti-HLA  (W6/32)  before 
and  during  the  adhesion  assay.  Each  bar  is 
the  mean  ±  SEM  of  four  to  five  replicate 
wells  in  a  representative  experiment  of 
two  separate  experiments. 


cells  with  a  common  human  pathogen,  influenza  virus  type 
A,  also  promotes  leukocyte  adherence  and  that  the  mole¬ 
cule  underlying  the  increased  adherence  is  the  influenza 
viral  protein  HA  expressed  on  the  surface  of  infected  endo¬ 
thelial  cells. 

In  contrast  to  the  Victoria/75  (H3N2)  strain  of  influenza 
virus  type  A,  which  did  not  infect  human  venous  or  bovine 
arterial  endothelium  at  a  low  virus  titer  (MOI  0. 1  -0.3)  (5 1 ), 
the  WSN  (H 1 N 1 )  strain  in  our  study  produced  a  slowly  lytic 
infection  in  HUVEC  as  evidenced  by  the  time  of  onset  of 
CPE.  Hemadsorption  of  RBC  and  immunofluorescence  in¬ 
dicated  that  most  of  the  endothelial  cells  were  infected  with 
virus  under  our  experimental  conditions.  Moreover,  we 
have  shown  previously,  using  electron  microscopic  tech¬ 
niques,  that  this  strain  of  influenza  buds  from  the  apical 
surface  of  endothelial  cells  (52).  The  increase  in  HL-60  cell 
adherence  to  infected  endothelium  required  metabolically 
active  endothelial  cells  because  fixing  the  HUVEC  mono- 
layers  before  exposing  them  to  the  virus-containing  me¬ 
dium  abolished  the  increase  in  HL-60  cell  adherence.  Con¬ 
versely,  fixing  HL-60  cells  did  not  alter  the  virus-induced 
adherence.  A  similar  inhibition  of  induced  leukocyte  ad¬ 


herence  occurs  when  endothelial  cells  are  fixed  before  cy¬ 
tokine  or  LPS  treatment  (53-54). 

The  time  course  for  HL-60  cell  adherence  to  influenza 
virus-infected  HUVEC  was  found  to  be  similar  to  time 
courses  oi  leukocyte  adherence  to  endothelial  cells  infected 
with  other  viruses.  HL-60  cell  adherence  to  endothelial  cell 
monolayers  was  modulated  by  influenza  virus  infection 
with  an  increase  beginning  at  5  h,  peaking  at  7  h,  and  lasting 
24  h  postinfection.  Infection  of  endothelial  cells  with  her¬ 
pes  viruses  has  been  shown  to  enhance  human  neutrophil 
adherence  as  early  as  4  h  postinfection,  with  plateaus  be¬ 
tween  18  and  32  h  postinfection  (7,  13,  15,  17).  Increased 
monocyte  adherence  to  endothelial  cells  also  occurs  within 
4  h  of  exposure  to  HSV  1  ( 16-17, 25)  and  was  observed  25 
h  after  either  HSV  (25)  or  CMV  infection  (17). 

Influenza  virus  infection  produced  a  robust  28-fold  in¬ 
crease  in  HL-60  cell  adherence  under  similar  infection  pro¬ 
tocols  (MOI  24)  or  with  lower  virus  titers  (MOI  1,  ninefold 
increase)  compared  to  the  small  twofold  to  threefold  in¬ 
crease  in  leukocyte  adherence  observed  in  endothelial  cells 
infected  with  CMV  (17)  and  HSV  (13,  25).  This  discrep¬ 
ancy  in  magnitude  of  response  between  our  findings  and 
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FIGURE  12.  HL-60  cell  adherence  to  polylysine-coated 
wells  in  the  absence  and  presence  of  bound  influenza  virus. 
Wells  were  coated  with  polylysine  (1  mg/ml)  in  Hank's  bal¬ 
anced  salt  solution  for  5  min,  rinsed  with  deionized  water, 
and  allowed  to  dry.  In  some  wells  a  high  titer  of  virus  (MOI 
1 00)  was  added  for  30  min  at  37°C.  After  removing  unbound 
virus,  5,Cr-labeled  HL-60  cells  (2  x  105  cells)  were  added  to 
the  wells  for  the  adhesion  assay  to  proceed  as  described  in 
Materials  and  Methods.  (A)  Each  bar  is  the  mean  ±  SEM  of 
five  replicate  wells  in  a  representative  experiment  of  two 
separate  experiments.  (8)  Bright  field  micrographs  of  HL-60 
cells  bound  to  ( upper  panel)  polylysine-coated  wells  and 
(lower  panel)  virus-  and  polylysine-coated  wells.  Same  scale 
as  in  Fig.  7. 

other  studies  may  reflect  the  different  leukocytes  used  in  the 
various  studies  inasmuch  as  human  neutrophils,  mono¬ 
cytes,  U937  cells,  and  HL-60  cells  may  exhibit  different 
surface  integrin  profiles  (55-57).  Alternatively,  these  dif¬ 
ferences  may  be  due  to  different  mechanisms  by  which  viral 
pathogens  enhance  leukocyte  "dherence.  For  example,  the 
1. 4-fold  increase  in  neutrophil  adherence  to  HUVEC  in¬ 
fected  with  CMV  appears  to  be  due,  in  large  part,  to  the 
upregulation  of  surface  ELAM-1  (E-selectin),  because  it 
was  largely  inhibited  by  an  antibody  against  ELAM- 1(18). 
In  contrast,  both  a  soluble  factor  released  from  HSV- 
infected  HUVEC  (17)  and  a  thrombin-dependent  increase 
in  GMP- 140  (P-selectin)  on  the  surface  of  infected  HUVEC 
(25)  have  been  implicated  in  the  HSV-induced  enhance¬ 
ment  of  monocyte  binding. 

In  our  studies,  influenza  virus  infection  of  HUVEC 
monolayers  produced  small  increases  in  two  endothelial 
adhesion  molecules,  E-selectin  and  ICAM-1.  While  the 
magnitude  of  these  increases  was  smaller,  the  time  courses 
of  upregulation  of  these  adhesion  molecules  were  similar 
to  that  produced  after  LPS  or  cytokine  stimulation  of 
HUVEC  monolayers  (41-44).  However,  the  inability  of  an¬ 
tibodies  against  E-selectin  and  ICAM-1  to  specifically 
block  the  increase  in  HL-60  cell  adherence  strongly  sug¬ 
gests  that  these  adhesion  molecules  play  only  a  minor  role 
or  no  role  in  the  influenza  virus-induced  adherence  and  that 
other  endothelial  cells  or  viral  proteins  are  involved.  It  is 
noteworthy  that  although  ICAM-1  expression  is  also  in¬ 


creased  on  parainfluenza  virus-infected  airway  epithelial 
cells,  an  antibody  against  ICAM-1  has  no  significant  effect 
on  parainfluenza-induced  neutrophil  adherence  (58).  In 
HSV-infected  HUVEC,  neutrophil  adherence  is  indirectly 
dependent  on  the  surface  expression  of  the  herpes  virus 
glycoprotein.  That  is,  the  surface  expression  of  the  herpes 
virus  glycoprotein  C  induces  the  local  generation  of  throm¬ 
bin  and  subsequent  upregulation  of  GMP- 140  (13,  25).  It 
is  unlikely  that  GMP- 140  upregulation  plays  a  role  in 
HL-60  cell  adherence  to  influenza-infected  HUVEC  be¬ 
cause  previous  studies  have  demonstrated  that,  unlike  neu¬ 
trophils,  undifferentiated  HL-60  cells  do  not  bind  to  GMP- 
140  (59). 

Rather  than  implicating  the  upregulation  of  an  endoge¬ 
nous  endothelial  cell  adhesion  molecule,  several  observa¬ 
tions  indicate  that  the  expression  of  the  influenza  virus  gly¬ 
coprotein  HA  on  the  endothelial  surface  mediates  the 
increased  binding  of  HL-60  cells  to  infected  HUVEC.  First, 
the  time  course  and  dose  response  for  HA  Ag  expression 
parallels  that  of  HL-60  cell  adherence  to  infected 
HUVEC  monolayers.  Second,  HL-60  cell  aggregates  were 
absent  on  infected  HUVEC  monolayers  in  the  presence  of 
anti-HA.  Finally,  anti-HA  abolished  HL-60  cell  adherence 
to  influenza  virus-infected  endothelial  monolayers.  Fur¬ 
thermore,  HA  appears  to  serve  directly  as  a  binding  site  for 
HL-60  cells,  inasmuch  as  leukocyte  adherence  to  a  cell-free 
surface  was  increased  if  virus  was  prebound,  and  the  ability 
of  neuraminidase  treatment  of  HL-60  cells  to  cleave  sialic 
residues  actually  prevented  the  virus-induced  adherence. 
Thus,  like  HSV-infected  HUVEC,  a  viral  protein  is  also 
involved  in  the  influenza  virus-stimulated  increases  in 
HL-60  cell  adherence,  but,  unlike  HSV-infected  endothelial 
cells,  surface  expression  of  a  viral  protein  directly  mediates 
leukocyte  adherence. 

We  have  described  a  similar  direct  binding  between  leu¬ 
kocytes  and  the  viral  protein  HA  on  epithelial  cells 
(MDCK)  infected  with  either  the  same  WSN  (H1N1)  strain 
(60)  or  the  A/PR8  (H1N1)  strain  of  influenza  virus  (un¬ 
published  data).  While  the  interactions  of  influenza  with 
epithelial  cells,  and  in  particular  the  respiratory  epithelium, 
have  been  well  studied,  relatively  little  is  known  about  the 
effect  of  influenza  virus  on  other  tissues  in  the  body.  In  vitro 
studies  indicate  that  neutrophils,  which  accumulate  during 
the  early  stages  of  an  influenza  infection,  are  capable  of 
transporting  influenza  virions  on  the  surface  of  and  within 
phagocytic  vacuoles  from  the  luminal  to  the  abluminal  sur¬ 
face  of  an  epithelium,  and  thus,  may  play  a  role  in  the  spread 
of  infection  (61).  Viremia  has  been  documented  in  indi¬ 
viduals  in  the  1  to  3  day  incubation  period  before  the  onset 
of  symptoms  (27-28)  and  in  individuals  with  uncompli¬ 
cated  influenza  infection  (62)  as  well  as  severe  influenza 
pneumonia  (30-32).  During  viremia  and  disseminated  in¬ 
fection,  it  is  likely  that  influenza  infects  the  endothelia  lin¬ 
ing  the  vessels  of  the  respiratory  system  and  of  other  organs. 


Journal  of  Immunology 


319 


In  vivo,  influenza  vims  binding  to  sialic  acid  residues 
may  mediate  leukocyte  rolling  and/or  stable  adhesion.  Leu¬ 
kocyte  rolling,  an  early  step  in  the  inflammatory  response, 
can  be  mediated  by  GMP- 140  binding  to  a  sialylated  car¬ 
bohydrate  ligand  with  a  Lewis  x  component  (63)  and  pre¬ 
sumably  occurs  because  lectin-carbohydrate  interactions 
possess  fast  on-and-off  rates  in  the  range  of  105  to  106  M-l 
s-1  and  2.3  to  56  s-1,  respectively  (64-66).  Because  very 
fast  kinetics  have  been  described  for  the  interaction  of 
influenza  vims  with  HL-60  cells  and  other  cultured  cells 
(k+1  >  1010  M-l  s-1  and  k_,  <  0.004  s-1;  (67)),  and  the  KD 
of  vims  binding  to  sialic  acid  residues  is  >  1  mM 
(68  to  69)  influenza  vims  infection  of  endothelial  cells  in 
vivo  may  similarly  mediate  leukocyte  rolling.  In  our  study, 
weak  binding  (sensitive  to  vigorous  wash  steps)  was  ob¬ 
served  between  HL-60  cells  and  influenza  vims  in  a  cell- 
free  system.  However,  we  observed  a  tighter  binding  (main¬ 
tained  after  several  washes)  between  HL-60  cells  and  virus- 
infected  endothelial  cells  suggesting  that  an  additional 
mechanism  mediates  this  interaction.  In  contrast  to  RBC 
adherence,  raising  the  temperature  from  4°C  to  37°C  in¬ 
creases  HL-60  cell  adherence  (data  not  shown)  and  neu¬ 
trophil  binding  (39)  to  endothelial  and  epithelial  cell  mono- 
layers,  respectively.  This  suggests  that  the  interaction 
between  HA  and  its  sialylated  ligand  on  leukocytes  is  dif¬ 
ferent  from  the  binding  between  HA  and  RBC.  Therefore, 
it  is  plausible  that  under  flow  conditions  vims  infection 
mediates  not  only  HA-related  leukocyte  rolling,  but  sub¬ 
sequent  facilitation  of  a  more  stable  integrin-like  adhesion. 

In  summary,  we  have  demonstrated  a  time-  and 
concentration-dependent  increase  in  HL-60  cell  adherence 
to  influenza  virus-infected  endothelial  cell  monolayers  that 
is  predominantly  due  to  HA,  the  newly  expressed  surface 
viral  protein.  These  findings  indicate  that  viral  proteins  can 
directly  enhance  leukocyte  binding  to  infected  cells.  The 
findings  also  suggest  that  the  expression  of  viral  proteins 
on  virus-infected  cells  may  be  an  important  step  in  virally 
mediated  endothelial  injury  and  the  subsequent  develop¬ 
ment  of  inflammatory  responses. 
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Abstract.  In  the  baboon  or  the  mouse,  a  stimulus  such  as  LPS,  TNF,  or  IL-1  typically  led  to  a  rapid  induction  of 
circulating  IL-6,  the  levels  peaked  by  2  to  3  h  and  then  declined  to  near-baseline  values  by  6  to  8  h.  Administration 
to  baboons  or  mice  of  "neutralizing"  anti-IL-6  mAb  followed  by  an  IL-6  inducer  led  to  a  marked  and  sustained 
increase  in  circulating  IL-6  levels.  IL-6  Ag,  IL-6  biologic  activity,  neutralizing  anti-IL-6  mAb,  and  IL-6/anti-IL-6  mAb 
complexes  could  all  be  observed  for  an  extended  period  of  time  (beyond  8  h)  in  the  circulation  of  such  animals. 
Nevertheless,  in  mice,  if  the  anti-IL-6  mAb  had  been  administered  before  the  IL-6  inducer,  there  was  a  reduction 
in  the  in  vivo  IL-6-induced  stimulation  of  fibrinogen  levels,  indicating  that  most  of  the  intravascular  IL-6  was  not 
readily  available  for  eliciting  hepatocyte  effects  under  these  experimental  conditions.  Intraperitoneal  administration 
into  mice  of  mixtures  of  murine  rlL-6  or  human  rlL-6  together  with  their  respective  anti-IL-6  mAb  led  to  a  marked 
increase  in  the  appearance  and  longevity  in  the  peripheral  circulation  of  the  exogenously  administered  murine  or 
human  rlL-6  species  in  a  biologically  active  form.  Varying  the  ratio  of  human  rlL-6  to  anti-human  IL-6  mAb  indicated 
that  a  molar  ratio  of  1 :1  was  sufficient  for  the  ability  of  mAb  to  chaperone  IL-6  in  the  murine  circulation.  Human 
rlL-6  mixed  with  "neutralizing"  mAb  in  the  approximate  ratio  1 :1  elicited  an  enhanced  fibrinogen  response  in  vivo 
in  the  mouse;  an  IL-6:mAb  ratio  of  1 :1 25  led  to  a  reduction  in  the  fibrinogen  response  even  though  the  levels  of 
circulating  89  bioactivity  and  of  human  rlL-6-Ag  were  maximal  under  these  conditions.  Cel-filtration  chromato¬ 
graphic  and  Western  blotting  analyses  of  IL-6  present  in  vivo  in  the  mAb-free  baboon  revealed  that  although  the 
IL-6  Ag  was  largely  present  in  high  molecular  mass  complexes  of  size  400  kDa  in  association  with  soluble  IL-6 
receptor,  the  B9  bioactivity  was  largely  of  low  molecular  mass  (20  kDa).  In  contrast,  in  the  anti-IL-6  mAb-treated 
baboon  or  mouse,  the  IL-6  Ag  and  bioactivity  were  both  largely  in  complexes  of  mass  200  kDa.  Thus,  the  binding 
of  IL-6  in  the  intravascular  compartment  to  other  proteins,  anti-IL-6  mAb  in  the  present  studies,  gives  IL-6  unexpected 
biochemical  and  pharmacologic  properties  in  vivo.  Journal  of  Immunology,  1993,  151 :  3225. 


Passive  immunization  of  experimental  animals  with 
neutralizing  antibodies  to  various  cytokines  or  with 
blocking  antibodies  to  cytokine  receptors  has 
proven  to  be  a  powerful  approach  to  evaluate  the  contri¬ 
bution  of  specific  cytokines  to  host  defense  (1-7).  The  func¬ 
tional  deletion  of  a  particular  cytokine  such  as  TNF,  IL-1, 
or  IFN  can  either  exacerbate  or  ameliorate  the  course  of 
particular  infections  depending  on  the  animal  model  and  the 
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infecting  organism  studied.  This  approach  has  provided 
evidence  for  a  protective  role  of  IFN-a//3  in  various  acute 
viral  infections  (8,  9),  an  exacerbating  role  of  IFN-a/0  in 
lymphocytic  choriomeningitis  virus  infections  (10),  a  del- 


'  This  work  was  supported  in  part  by  Research  Grants  AI-16262  (P.B.S.I,  GM- 
40586  (L.L.M.),  Grant-in-Aid  92-363GS  (L.T.M.)  from  the  American  Heart 
Association  New  York  state  affiliate,  a  contract  from  the  National  Foundation 
for  Cancer  Research,  the  Armed  Forces  Radiobiology  Research  Institute,  De¬ 
fense  Nuclear  Agency,  work  unit  00129.  and  a  grant  from  Toray  Industries, 
Japan.  Views  presented  in  this  paper  are  those  of  the  authors;  no  endorsement 
by  the  Defense  Nuclear  Agencv  or  the  Department  of  Defense  has  beerf given 
or  should  be  inferred. 


The  costs  of  publication  of  this  article  were  defrays-  in  part  by  the  payment  of 
page  charges.  This  article  must  therefore  be  hereby  marked  advertisement  in 
accordance  with  18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 


1  Address  correspondence  and  reprint  requests  to  Dr.  P.  B.  Sehgal,  Department 
Microbiology  and  Immunology,  Basic  Science  Building,  New  York  Medical 
College,  Valhalla.  NY  10595. 


3225 


3226 


ANTIBODIES  CHAPERONE  CIRCULATING  R-6 


eterious  effect  of  TNF  and  I L-  i  in  gram-negative  sepsis  (2, 
3),  and  a  protective  role  of  TNF  and  1L-1  in  gram-positive 
Listeria  sepsis  (4,  5).  With  the  recognition  of  IL-6  as  the 
major  systemic  cytokine  that  mediates  the  acute  phase  re¬ 
sponse  (11,  12),  which  includes  the  alterations  in  hepatic 
plasma  protein  synthesis  in  response  to  various  infections 
and  other  tissue  injury,  and  the  availability  of  potent  “neu¬ 
tralizing”  mAb  to  human  and  murine  rlL-6  (13-15),  at¬ 
tempts  have  been  made  to  evaluate  the  role  of  endogenous 
IL-6  in  host  defense  using  the  passive  immunization  ap¬ 
proach  (14, 16).  However,  in  contrast  to  the  experience  with 
other  cytokines  (1-7),  we  (17)  and  others  (18,  19)  have 
observed  that,  paradoxically,  passive  immunization  with 
neutralizing  anti-IL-6  mAb  resulted  in  even  higher  levels 
of  biologically  active  IL-6  in  the  peripheral  circulation  even 
though,  in  at  least  some  instances,  anti-IL-6  mAb  blocked 
endogenous  IL-6-mediated  effects  (16,  20).  What  is  the 
biochemical  basis  for  this  dissociation?  Why  is  circulating 
IL-6  not  always  bioavailable  in  vivo? 

In  previous  studies  we  have  shown  that  IL-6  can  exist  in 
human  plasma  or  serum  at  high  concentrations  (in  the  ng/ml 
to  pg/ml  range)  in  complexes  of  size  100  to  150  and  400 
to  500  kDa  that,  in  addition  to  the  soluble  IL-6  receptor, 
contain  cleavage  fragments  from  C-reactive  protein,  and 
complement  C3  and  C4  (13).  When  present  in  such  com¬ 
plexes,  the  natural  human  IL-6  molecule  is  essentially  cam¬ 
ouflaged,  displays  little  B9  hybridoma  proliferation  bio¬ 
activity  and  is  not  accessible  using  ELISA  that  otherwise 
are  very  sensitive  to  rIL-6.  Indeed,  it  was  the  development 
of  an  ELISA  that  preferentially  detected  human  IL-6  in  such 
high  molecular  mass  complexes  (13)  that  suggested  that 
IL-6  does  not  customarily  exist  as  a  free  cytokine  in  the 
human  circulation  and  led  us  to  ask  the  question:  what  is 
the  biologic  activity  of  IL-6  as  it  exists  in  vivo? 

Baboons  challenged  with  a  bolus  of  Escherichia  coli  or 
of  endotoxin  have  been  used  as  a  useful  model  to  inves¬ 
tigate  the  cytokine,  hemodynamic,  and  other  physiologic 
events  that  underlie  acute  Gram-negative  sepsis  (1).  Pas¬ 
sive  immuiiiza.  d..  with  anti-TNF  mAb  or  with  anti-IL-1 
receptor  antagonist  in  this  model  reduced  the  observed  mor¬ 
bidity  indicating  that  TNF  and  IL-1  produced  during  acute 
Gram-negative  sepsis  were  de.jurious  to  the  host  (1-3,  7, 
21).  (n  light  of  the  induction  of  IL-6  in  this  model,  as  an 
event  secondary  to  TNF  and  IL-1  synthesis  (2,  21),  we 
examined  the  effect  of  passive  immunization  with  the  anti- 
HuIL-6  mAb  “5IL6-H17”  in  the  LPS-treated  baboon.  Pas¬ 
sive  immunization  studies  were  also  initiated  using  the  anti- 
MuIL-6  mAb  “20F3-MP5”  (22)  in  LPS-,  TNF-,  or  'L-l- 
treated  mice.  We  report  that  anti-IL-6  mAb,  even  though 
they  “neutralized”  rIL-6  activity  in  c  ll-eulture  experi¬ 
ments,  exerted  a  chaperoning  on  endogenously  pro¬ 
duced  or  exogenously  administered  IL-6  in  vivo.  The  data 
obtained  highlight  a  novel  aspect  of  IL-6  biology-IL-6  can 
circulate  in  vivo  as  part  of  a  protein  aggregate  and  in  this 
state  its  biologic  function  is  markedly  altered. 


Materials  and  Methods 

Experimental  animals 

CD2F1  female  mice  were  purchased  from  the  Animal  Ge¬ 
netics  and  Production  Branch,  National  Cancer  Institute, 
National  Institutes  of  Health  (Frederick,  MD).  Mice  were 
handled  as  previously  described  (6, 20);  each  experimental 
group  consisted  of  two  to  four  animals  per  variable  per  time 
point.  All  animals  in  each  group  were  killed  at  each  time 
point.  For  fibrinogen  assays,  sera  from  individual  animals 
were  assayed  separately;  sera  from  all  animals  in  a  par¬ 
ticular  group  were  pooled  before  assays  for  IL-6  (B9  bio¬ 
assay,  hepatocyte  bioassay,  or  ELISA).  Each  experiment 
was  replicated  at  least  three  times. 

Two  young  adult  baboons  ( Papio  sp. )  weighing  26  (ba¬ 
boon  90-11)  and  22  (baboon  90-12)  kg  were  used  (21). 
Baboons  were  obtained  from  the  National  Primate  Ex¬ 
change  through  Buckshire  Laboratories  (Chelmsford,  PA). 
Animals  were  quarantined  at  the  Research  Animal  Re¬ 
source  Center  of  Cornell  University  Medical  College  for  2 
to  4  wk  before  study  to  confirm  that  they  were  in  good 
health  and  free  of  transmissable  diseases.  Baboons  were 
fasted  overnight  and  anesthetized  with  intramuscular  ket¬ 
amine  hydrochloride  (10  mg/kg).  The  animals  were  instru¬ 
mented  for  invasive  hemodynamic  monitoring  as  previ¬ 
ously  described  (21).  Both  animals  received  the  i.v. 
administration  of  500  p.g/kg  of  Salmonella  typhosa  LPS. 
One  of  the  animals  (baboon  90-1 2)  received  2. 1 5  mg/kg  of 
an  anti-Hu3IL-6  mAb  (5IL6-H17)  2  h  before  the  LPS  (pur¬ 
chased  from  Sigma  Chemical  Co..  St.  Louis,  MO)  injection. 
Hemodynamic  parameters  and  urine  output  were  monitored 
continuously.  Arterial  blood  was  collected  at  30-min  in¬ 
tervals  for  the  first  3  h,  and  at  hourly  intervals  thereafter  for 
8  h.  At  the  end  of  the  8  h  period,  the  baboons  were  allowed 
to  awaken  and  were  returned  to  their  cages. 

B9  growth  factor  assay  for  IL-6 

The  IL-6  content  of  the  various  preparations  were  assayed 
by  monitoring  their  ability  to  induce  the  proliferation  of 
murine  B9  hybridoma  cells  using  standardized  procedures 
described  earlier  (23,  24).  The  interim  reference  standard 
for  IL-6  88/514  was  included  in  every  assay. 

Hepatocyte-stimulating  factor  assay  for  murine  IL-6 

The  rat  hepatoma  line  H4-II-E-C3  that  was  derived  by  sub¬ 
cloning  the  Reuber  H-35  rat  hepatoma  line  was  purchased 
from  the  American  Type  Culture  Collection  (Rockville, 
MD,  ATCC  CRL 1 600)  and  grown  to  80  to  90%  confluency 
in  Falcon  T-75  flasks  in  Eagle’s  MEM  with  10%  (v/v)  heat- 
inactivated  FCS  (GIBCO,  Grand  Island,  NY),  0. 1  mM  so¬ 
dium  pyruvate  and  “MEM  nonessential  amino  acids” 


’  Abbreviations  used  in  this  paper:  Hu,  human:  Ab.  antibody;  Mu.  murine  V„ 
excluded  volume;  V„  included  volume;  V0.  void  volume:  slL-6R.  soluble  IL-6 
receptor. 
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(GIBCO).  The  cells  were  then  passaged  and  placed  in  24- 
well  Falcon  tissue  culture  plates  with  1  X  10s  cells  per  well 
of  growth  medium.  After  24  h  the  medium  was  changed  to 
serum-free  growth  medium  supplemented  with  1  p.M  dexa- 
methasone  and  various  dilutions  of  samples  to  be  tested  fur 
hepatocyte-stimulating  activity.  After  incubation  for  24  h 
the  cultures  were  washed  with  PBS  and  incubated  for  an 
additional  24  h  in  methionine-free  medium  containing  J,S- 
methionine  (100  jiCi/ml).  The  culture  medium  from  each 
well  was  then  collected  and  the  amount  of  ,sS-methionine- 
labeled  fibrinogen  secreted  was  quantitated  by  immuno- 
precipitation  (goat  antiserum  to  rat  fibrinogen  was  pur¬ 
chased  from  Cappel,  Durham,  N.  Carolina),  SDS-PAGE 
(12%),  autoradiography,  and  densitometry  using  proce¬ 
dures  similar  to  those  described  previously  (25).  Labora¬ 
tory  standards  for  (L-6  were  derived  from  baculovirus- 
derived  recombinant  murine  IL-6  that  were  estimated  to  be 
>95%  pure  by  Coomasie-stained  SDS-PAGE  and  whose 
sp.  act.  was  1  to  2  X  109  B9  U/mg  of  IL-6  protein  (24). 

ELISA  for  baboon  IL-6 

ELISAs  were  formatted  and  performed  essentially  as  de¬ 
scribed  by  Kenney  et  al.  (26).  Several  different  anti-HuIL-6 
two  mAb  sandwich  ELISA  (IG61/5IL6,  4IL6/5IL6  and 
7IL6/5IL6)  (13)  were  used  that  have  been  previously  evalu¬ 
ated  using  different  preparations  of  natural  human  IL-6  as 
well  as  with  rHuIL-6  produced  using  different  vector  sys¬ 
tems  (13,  24).  Human  E.  coli- derived  rIL-6  reference 
preparation  88/514  was  used  to  calibrate  every  assay. 

Sephadex  G-200  gel  filtration  chromatography 

Serum  or  fresh  plasma  samples  (0.5-1. 2  ml)  were  frac¬ 
tionated  through  a  Sephadex  G-200  column  (2.5  X  60  cm; 
V0  =  55  ml;  Vt  =  164  ml;  V*  =  Vc  -  V0).  Eluate  fractions 
of  volume  2.5  ml  were  collected  after  the  first  V0  and 
continued  for  an  additional  two  V0  (approximately  50 
fractions)  (13).  All  eluted  fractions  were  calibrated  by  size 
through  the  use  of  the  following  marker  proteins:  ribonucle- 
ase-13.7  kDa;  chymotrypsinogen  A-43  kDa;  OVA-67  kDa; 
aldolase- 158  kDa;  catalase-232  kDa;  and  ferritin-440  kDa. 
The  Sephadex  G-200  and  the  calibrating  proteins  were  pur¬ 
chased  from  Pharmacia  LKB  (Picataway,  NJ). 

SDS-PAGE  and  Western  blot  analysis 

Aliquots  of  various  baboon  IL-6  preparations  were  con¬ 
centrated  by  lyophilization  and  resuspended  in  Laemmli 
buffer  (27),  heated  for  1  to  2  min  at  100°C,  subjected  to 
SDS-PAGE  under  reducing  conditions  (0.7  M  0-mercap- 
toethanol)  and  transferred  to  WESTRAN  polyvinylidene 
difluoride  membranes  (Schleicher  &  Schuell,  Keene,  NH) 
according  to  the  method  of  Towbin  et  al.  (28).  The  baboon 
IL-6  or  sIL-6R  species  on  the  electroblotted  polyvinylidene 
difluoride  membrane  were  detected  using,  respectively,  a 


rabbit  polyclonal  antibody  raised  to  rHulL-6  (29)  or  an 
anti-IL-6R  mAb  (MT-18)  (30)  and  an  immunoperoxidase 
procedure  (Vectastain,  ABC  Elite  kit,  Burlingame,  CA). 

Immunoaffinity  purification  of  IL-6  from  mouse  or 
baboon  plasma 

In  order  to  further  purify  and  concentrate  IL-6  from  G-200 
gel  chromatography  fractions  of  plasma  from  the  variously 
treated  mice  or  baboons,  immunoaffinity  columns  were 
prepared  with  either  mAb  to  murine  IL-6  (mAb  20F3-MPS) 
or  HuIL-6  (mAb  5IL6-H17)  as  previously  described  (13). 
Sephadex  G-200  fractions  were  pooled  around  peaks  in 
IL-6  ELISA  or  B9  growth  factor  activities.  These  pools 
were  then  passed  through  a  1-  to  2 -cm  column  of  either 
5IL6-  or  20F3-mAb  affinity  resin  and  the  adsorbed  IL-6 
extensively  washed  with  150  mM  NaCl,  10  mM  Tris-Cl,  pH 
7.5.  The  adsorbed  IL-6  was  eluted  upon  addition  of  0.1  M 
glycine,  pH  2.4,  and  the  eluted  fractions  were  immediately 
neutralized  with  equimolar  amounts  of  Tris-Cl,  pH  8.7. 

Immunoaffinity  purification  of  slL-6R  from  baboon 
plasma 

To  purify  sIL-6R  species  present  in  high  molecular  mass 
complexes  in  baboon  plasma,  pools  of  appropriate  Sepha¬ 
dex  G-200  gel  filtration  fractions  representing  200  to  400 
kDa  were  passed  through  a  1-  to  2-cm  immunoaffinity  col¬ 
umn  containing  the  anti-HulL-6R  mAb  MT-18  (30)  cova¬ 
lently  bound  to  the  affinity  resin  (13).  The  adsorbed  sIL-6R 
species  were  eluted  upon  addition  of  0.1  M  glycine,  pH  2.4, 
and  the  eluted  fractions  were  immediately  neutralized  with 
equimolar  amounts  of  Tris-Cl,  pH  8.7. 

Fibrinogen  assay  of  murine  plasma 

Fibrinogen  in  citrated  plasma  was  measured  as  the  rate  of 
conversion  of  fibrinogen  to  fibrin  in  the  presence  of  excess 
thrombin  using  the  Sigma  Diagnostic  kit  (Sigma)  for  cali¬ 
bration  (6, 20).  The  data  are  expressed  as  mg  of  fibrinogen 
per  100  ml  of  plasma.  Measurement  of  fibrin  clot  formation 
were  performed  using  a  fibrometer  (Becton  Dickinson, 
Fairleigh,  NJ). 

Other  materials  and  procedures 

Rat  mAb  to  mouse  rIL-6  (MP5  20F3)  was  prepared  using 
semipurified  Cos-7  mouse  IL-6  as  an  immunogen,  as  pre¬ 
viously  described  (21).  An  isotype-matched  control  rat 
mAb  to  0-galactosidase  (GL113)  was  used  (20,  21). 
rHuIL-la  (lot  IL-1  2/88;  sp.  act.  3  x  108  U/mg)  was  kindly 
provided  by  Dr.  Peter  Lomedico  (Hoffmann-La  Roche, 
Inc.,  Nutley,  NJ).  Murine  rTNF-a  (lot  4296-17;  sp.  act.  2 
x  108  U/mg  as  assayed  on  L929  cells)  was  kindly  provided 
by  Dr.  Grace  Wong  (Genentech  Inc.,  South  San  Francisco, 
CA).  An  additional  preparation  of  rHuIL-6  (SDZ  280-969; 
sp.  act.  52  x  106  U/mg  by  B13.29  assay)  was  also  obtained 
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from  E.  Liehl,  Sandoz  Forschungsinstitut  (Vienna,  Austria) 
and  of  murine  rIL-6  (ED%  in  B9  bioassay  of  0.2  ng/mi) 
from  Pepro-Tech  Inc.  (Rocky  Hill.  NJ).  All  cytokine  and 
mAb  preparations  used  were  free  of  endotoxin  as  assayed 
using  the  chromogenic  limulus  amoebecyte  lysate  kit 
(Whittaker,  Walkersville.  CA). 

In  the  murine  experiments  the  antibodies  and  recombi¬ 
nant  cytokines  were  diluted  in  pyrogen-free  saline  on  the 
day  of  the  injection  and  were  administered  i.p.  Typically 
antibodies  were  administered  to  mice  i.p.  6  to  20  h  before 
i.p.  injection  of  cytokines  (20). 

Statistical  analyses 

Between  group  comparisons  were  carried  out  using  the 
Student’s  r-test  and  ANOVA  procedures  (True  Epistat, 
Richardson,  TX). 

Results 

Anti-HulL-6  mAb  in  LPS-treated  baboon 

The  murine  mAb  “5IL6-H17”  prepared  against  rHuIL-6 
(13)  effectively  neutralized  IL-6  present  in  LPS-induced 


baboon  plasm*  as  assayed  in  the  B9  bioassay  (data  not 
shown).  Therefore,  this  anti-HuIL-6  mAb  was  used  for  pas¬ 
sive  immunization  in  the  endotoxin-treated  baboon.  Ba¬ 
boon  90-12  was  given  anti-HuIL-6  mAb  at  a  dose  of  2.1 
mg/kg  body  weight  followed  8  h  later  with  an  i.v.  challenge 
with  5.  typhosa  LPS  (500  pig/kg  body  weight),  it  had  been 
determined  from  previous  experiments  that  this  dose  of 
LPS  led  to  significant  morbidity  (alterations  in  hemody¬ 
namics  and  body  temperature)  (2, 3,  21).  Furthermore,  this 
LPS  dose  was  confirmed  by  us  to  lead  to  plasma  IL-6  in¬ 
duction  by  1  to  2  h,  a  peak  level  by  3  to  4  h  and  a  decline 
to  base-line  levels  by  6  to  8  h  (data  not  shown).  Importantly, 
the  IL-6  levels  were  assayable  using  both  the  B9  bioassay 
and  the  4IL6/5IL6  ELISA  (see  control  baboon  90-1 1  in  Fig. 
1,  A  and  B).  In  comparison  to  the  control  baboon  90-1 1,  the 
4IL6/51L6  ELISA  showed  that  very  little  apparent  IL-6  was 
present  in  the  mAb-treated  animal,  simultaneously  with  the 
presence  of  high  levels  of  circulating  anti-HuIL-6  mAb 
(5IL6-H17)  (Fig.  1,  B  and  C)  and  of  baboon  IL-6/anti- 
HuIL-6  mAb  complexes  (Fig.  ID).  When  serial  threefold 
dilutions  of  plasma  from  baboon  90-12  were  first  assayed 
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FIGURE  1.  Circulating  IL-6,  anti-HuIL-6  mAb  (5IL6-H17!  and  IL-6/anti-Hull-6  mAb  complexes  in  LPS-treated  baboons. 
Baboon  90-1 1  was  administered  LPS  at  time  “0."  baboon  90-1 2  was  administered  anti-HuIL-6  mAb  5IL6-H1 7  2  h  before  the 
LPS  challenge.  A,  Plasma  IL-6  levels  as  measured  in  the  89  bioassay  in  baboons  90-1 1  (  I  and  90-1 2  (■).  B,  Plasma  IL-6  levels 
as  measured  in  the  4IL6/5IL6  ELISA  in  baboons  90-1 1  (♦)  and  90-12  (  ).  Also  plasma  IL-6  levels  as  measured  in  the  IG61/5IL-6 
ELISA  in  baboon  90-1 2  {Mi.  C,  Plasma  levels  of  the  murine  anti-HuIL-6  mAb  5IL-6-H1 7  in  baboon  90-1 2  (■)  as  measured  in 
an  anti-murine-lg  immunoassay.  D.  Plasma  levels  of  IL-6/anti-HulL-6  mAb  complexes  in  baboon  90-1 2  (®  as  measured  using 
the  anti-murine-lg  Ab  (goat)  as  the  capture  reagent  and  biotinylated  4IL-6-H11  mAb  as  the  developing  reagent  (the  goat 
anti-mouse-ig  captures  5IL6 -HI  7  mAb;  the  ELISA  plate  is  then  flooded  with  mouse  Ig,  and  the  biotinylated  4IL6-H11  then 
reports  on  baboon  IL-6  bound  to  the  captured  5IL6-H1 7  mAb). 
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FIGURE  2.  Sephadex  G-200  gel  filtration 
analyses  of  IL-6  present  in  baboon  plasma. 
Aliquots  (1  ml)  of  plasma  from  baboons 
90-11  (2.5-h  time  point)  and  90-12  (8-h 
time  point)  were  fractionated  through  a 
G-200  gel  filtration  column.  IL-6  bioactiv¬ 
ity  present  in  the  eluted  fractions  was  as¬ 
sayed  in  the  B9  bioassay  (90-1 1 ,  ■;  90-1 2, 
).  IL-6  Ag  present  in  eluted  fractions  was 
assayed  in  the  7IL6/5IL6  ELISA  (90-11,  ♦; 
90-12.  +  ). 
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for  B9  activity  starting  with  an  initial  dilution  of  1:20,  little 
biologic  activity  was  observed.  However,  repeating  the  as¬ 
says  with  the  baboon  90-1 2  plasma  samples  diluted  beyond 
approximately  1/500  uncovered  high  titers  of  B9  bioactiv¬ 
ity  in  this  anti-lL-6  m Ab-treated  animal  (Fig.  L4 ).  On  re¬ 
peating  the  IL-6  ELISA  using  a  different  high-affinity  cap¬ 
ture  antibody  (mAb  “IG61”)  high  levels  of  IL-6  Ag  (up  to 
and  exceeding  200  ng/ml)  were  readily  observed  in  the 
mAb-treated  baboon  (Fig.  IB).  The  data  indicate  that  the 
selection  of  mAbs  to  be  used  in  the  ELISA  assay  is  critical 
and  may  lead  to  disparate  results.  Furthermore,  unless  B9- 
biologic  activity  is  adequately  assayed  for  across  an  ex¬ 
tensive  dilution  series,  the  paradoxical  enhancement  in  cir¬ 
culating  IL-6  levels  produced  by  “neutralizing”  anti-IL-6 
mAb  can  be  overlooked. 

The  anti-HuIL-6  mAb  present  in  baboon  plasma  retained 
the  ability  to  neutralize  exogenously  added  human  or  ba¬ 
boon  IL-6  at  least  when  assayed  ex  vivo  in  the  B9  bioassay; 
the  neutralization  titers  were  in  the  range  3000  to  5000 
neutralizing  units/ml  of  baboon  plasma  (vs  10  U/ml  baboon 
IL-6;  data  not  shown).  Furthermore,  the  B9  bioactivity  pre¬ 
sent  in  both  baboons  90-11  and  90-12  could  be,  in  turn, 
completely  neutralized  ex  vivo  by  addition  of  more  anti- 
HuIL-6  mAb  5IL6-H17  or  of  a  polyclonal  rabbit  anti- 
rHuIL-6  antiserum  (data  not  shown).  Thus,  the  overall  pic¬ 
ture  that  emerged  was  that  at  one  and  the  same  time  the 
circulation  of  the  anti-IL-6  mAb-  and  LPS-treated  baboon 
contained  potent  neutralizing  anti-IL-6  mAb,  high  levels  of 
IL-6  Ag  (up  to  0.20  fig/ml),  biologically  active  IL-6  (at  least 
as  assayed  ex  vivo),  and  IL-6/anti-IL-6  mAb  complexes. 

High  molecular  mass  IL-6  complexes  in  baboon  with 
discrepant  ELISA  and  B9  bioassay  properties 

IL-6  in  sera  from  baboons  90-11  (mAb-free)  and  90-12 
(mAb-treated)  was  characterized  biochemically.  Aliquots 
(1  ml)  of  serum  with  highest  IL-6  titer  from  each  (the  2.5 


h  time  point  for  baboon  90-11  and  the  8  h  time-point  for 
baboon  90-12;  see  Fig.  1,  A  and  B)  were  subjected  to  gel- 
filtration  chromatography  through  a  Sephadex  G-200  col¬ 
umn.  The  eluted  fractions  were  assayed  (1)  in  the  B9  bio¬ 
assay  and  (2)  in  the  7IL6/5IL6  ELISA. 

Figure  2  shows  that  the  major  peak  of  B9  activity  in 
baboon  90-11  was  of  molecular  mass  15-25  kDa;  a  second 
small  but  reproducible  peak  was  detected  in  fraction  6  cor¬ 
responding  to  molecular  mass  of  400  kDa.  The  7IL6/5IL6 
ELISA  data  were  consistent  with  these  B9  bioassay 
results-a  major  peak  at  about  20  kDa  and  a  minor  peak  at 
about  400  kDa  were  observed. 

In  contrast,  the  mAb-treated  baboon  90-12,  revealed  a 
single  major  peak  of  B9  and  ELISA  reactivity  of  mass  ap¬ 
proximately  200  kDa.  A  trail  of  B9  bioactivity  was  detected 
extending  to  the  lower  molecular  mass  material  suggesting 
the  presence  of  an  equilibrium  state  between  the  mAb  and 
the  IL-6.  It  was  noteworthy  that  the  relative  ELISA  to  B9 
ratio  of  the  200- kDa  peak  from  baboon  90-12  (mAb- 
treated)  was  markedly  lower  than  the  same  ratio  for  the 
20-kDa  IL-6  from  baboon  90-11  (mAb-free).  It  is  possible 
that  the  anti-HuIL-6  mAb  present  in  the  20O-kDa  complex 
interfered  with  the  ELISA  or  that  the  200-kDa  IL-6  com¬ 
plexes  have  novel  binding  properties  (also  see  Table  I). 

To  unambiguously  determine  why  the  relative  ratios  of 
ELISA  signal  to  B9  activity  varied  for  different  forms  of 
baboon  IL-6,  we  purified  the  baboon  IL-6  species  in  dif¬ 
ferent  G-200  filtration  eluates.  Pools  of  appropriate  G-200 
fractions  were  subjected  to  immunoaffinity  column  chro¬ 
matography  through  an  anti-HuIL-6-mAb  (5IL6-H17)  col¬ 
umn  (Table  I).  In  each  instance,  the  initial  pool,  the  flow¬ 
through  and  the  first  two  of  the  bound  and  eluted  fractions 
(eluate  1  and  eluate  2)  were  assayed  in  1)  B9  bioassay,  2) 
7IL6/51L6  ELISA,  and  3)  Western  blot  analysis.  Only  the 
first  two  eluted  fractions  (1  ml  each)  from  each  chroma¬ 
tography  run  had  any  B9  activity  or  ELISA  reactivity. 
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Tabic  I 

tmmunoiffiruty  chromatography  through  an  mAb  (5H6-HI7) 
column  of  biboon  IL-6  present  in  pooh  of  frictions  derived 
from  Sephidex  C200  gel  chromatography  in  Figure  2 


Sample 

89  U/ml 

IL-6 

ELISA  pg/ml 
(7IL6/5IL6) 

Western 

blor- 

90-11,  #3-14  (200-400  K) 
Pool  (load) 

8 

5  6 

+  + 

Flow-through 

8 

21 

+  +  +  + 

Eluate  1 

4 

17 

- 

Eluate  2 

3 

17 

- 

90-11,  #27-37  (15-25  K) 

Pool  (load) 

30 

279 

- 

Flow-through 

2 

<16 

- 

Eluate  1 

78 

231 

- 

Eluate  2 

103 

816 

+ 

90-12,  #3-7  (300-400  K) 

Pool  (load) 

27 

15 

- 

Flow-through 

18 

<15 

+  + 

Eluate  1 

39 

122 

- 

Eluate  2 

21 

48 

90-12,  #8-14  0  50-300  K) 

Pool  (load) 

518 

783 

+  + 

Flow-through 

260 

594 

+  +  +  + 

Eluate  1 

11 

<10 

- 

Eluate  2 

5 

<10 

- 

90-12.  #27-37  (15-25  K) 

Pool  (load) 

9 

<10 

- 

Flow-through 

6 

<10 

- 

Eluate  1 

<2 

<10 

- 

Eluate  2 

<2 

<10 

- 

4  (-)  absence  of  of  (+)  presence  of  detectable  IL-6  species  by  SDS-PAGE 
and  Western  blotting  using  a  rabbit  anti-HulL-6  antiserum.  The  volumes  of  the 
pool  (load)  were  9  ml,  the  flow-throughs  were  9  ml  and  each  eluate  fraction 
was  I  ml. 


The  immunoaffinity  column  elution  data  show  that  IL-6 
from  baboons  90-H  and  90-12  had  different  mAb- 
reactivity  characteristics  (Table  l).  Most  of  the  IL-6  from 
baboon  90-11  bound  to  and  eluted  from  the  anti-HuIL-6- 
mAb  column  (e.g.,  90-11, 27-37, 15-25  kDa).  In  contrast, 
the  IL-6  in  baboon  90-12  failed  to  bind  the  anti-HuIL-6 
mAb  column  (e.g.,  90-12,  8-14,  150-300  kDa).  A  com¬ 
parison  of  90-1 1, 27-37,  and  90-1 2, 8-14  (Table  I)  showed 
that,  when  compared  on  the  basis  of  B9  bioactivity,  the 
former  registered  higher  in  the  71L-6/5IL-6  ELISA  than  the 
latter.  However,  neither  the  B9  assay  nor  the  ELISA  data 
were  correlated  with  the  results  of  Western  blot  analyses 
(Table  I).  The  strongest  IL-6  signals  in  Western  blots  were 
observed  in  the  flow-through  of  baboon  90-11, 3-14  (150- 
400  kDa)  and  the  flow-through  of  baboon  90-12,  8-14 
( 150-300  kDa)  (Fig.  34 ).  The  detection  of  IL-6  species  at 
high  concentrations  in  sample  90-11, 3-14  FT  by  Western 
blotting  is  remarkable  because  it  corresponds  to  very  weak 
B9  and  ELISA  signals  in  Figure  2  and  Table  I.  We  have 
previously  verified  by  direct  N-terminal  amino  acid  se¬ 
quencing  that  serum-derived  proteins  such  as  those  illus¬ 
trated  in  the  Western  blot  in  Figure  3A  are  indeed  IL-6  (13). 


1 90-12 


1 90-11 


2 
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FIGURE  3.  Western  blot  analyses  of  IL-6  and  soluble  IL-6 
receptor  present  in  high  molecular  mass  complexes  in  ba¬ 
boon  plasma.  A,  Aliquots  of  0.3  ml  of  each  of  the  fractions 
enumerated  in  Table  I  were  lyophilized,  resuspended  in  solu¬ 
bilizing  buffer,  subjected  to  SDS-PAGE  and  Western  blot 
analyses  using  a  rabbit  anti-rHulL-6  antiserum.  For  compari¬ 
son,  15  ng  of  natural  human  IL-6  was  also  included  ("nat 
HulL-6'l.  f8  and  flO  correspond  to  fractions  8  and  10  in 
Figure  2.  baboon  90-1 2;  FT  400  kDa,  FT  200  kDa,  and  FT  20 
kDa  of  baboon  90-12  correspond  to  the  flow-through  frac¬ 
tions  of  the  300  to  400  kDa,  1 50  to  300  kDa,  and  1 5  to  25 
kDa  pools  of  baboon  90-12  in  Table  I;  FT  200  to  400  kDa 
corresponds  to  the  flow-through  of  the  200  to  400  kDa  pool 
of  baboon  90-11  in  Table  I.  B,  Pools  corresponding  to  the 
200  to  400  kDa  gel  filtration  fractions  of  baboon  90-1 1  and 
90-1 2  (see  Fig.  2)  were  passed  through  an  anti-IL-6  receptor 
mAb  (MT-18)  immunoaffinity  column  and  an  aliquot  of 
adsorbecUeluted  material  analyzed  for  soluble  IL-6  receptor 
species  by  SDS-PAGE  under  reducing  and  denaturing  condi¬ 
tions  and  Western  blottingusing  anti-IL-6R  mAb  MT-18  as  the 
probe. 


Furthermore,  in  a  manner  consistent  with  our  previous  de¬ 
scription  of  human  IL-6  complexes  (13),  the  200-  to  400- 
kDa  complexes  from  both  baboons  90-11  and  90-12  con¬ 
tained  sIL-6R  (Fig.  3 B).  Thus  it  is  dear  that  1)  IL-6  exists 
largely  in  high  molecular  mass  complexes  in  both  baboons 
90-11  and  90-12,  and  2)  that  B9  and  ELISA  reactivities  do 
not  adequately  reflect  the  concentrations  of  IL-6  present  in 
serum/plasma.  The  occurrence  of  baboon  IL-6  in  com¬ 
plexes  with  other  circulating  proteins,  including  SIL-6R 
species,  drastically  alters  its  B9  activity  and  ELISA 
reactivity. 

Passive  immunization  of  baboon  90-12  with  anti-IL-6 
mAb  did  not  appear  to  significantly  alter  any  of  the  physi¬ 
ologic  and  hemodynamic  alterations  such  as  hypotension, 
tachycardia,  and  increased  lacticacidemia  produced  by  LPS 
as  compared  to  the  control  baboon  90-11  (data  not  shown). 
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Table  II 

Effect  of  preinjection  of  anti-IL-6  mAb  on  serum  IL-6  and 
fibrinogen  levels  in  mice  administered  TNF* 


Experimental 

Group 

Inducer 

mAb 

IL-6  (89  U/ml) 
at  13-14  h 

Fibrinogen  (mg/dl) 
at  13-14  h 
(mean  £  SD) 

i. 

Saline 

<4 

138  £  43 

2. 

Saline 

cm  3 

4 

229  £  33 

3. 

Saline 

20F3 

13 

1 56  £  20 

4. 

TNF 

5 

350  £  62 

5. 

TNF 

GL113 

3 

362  £  11 

6. 

TNF 

20F3 

9,115 

131  £  5h 

4  Anti-MulL-6  mAb  (20F3I  or  control  mAb  (Gl  113*  600  pg/mouse  admin¬ 
istered  i.p.  before  the  inducers;  TNF  5  pg/mouse  administered  i.p. 

bp  <  0.02  comparing  groups  5  and  6  using  the  Student’s  Mest  and 
ANOVA. 

Anti-MulL-6  mAb  in  mouse 

Mice  administered  TNF  together  with  a  control  rat  mAb 
(GL113)  showed  clear  elevations  of  fibrinogen  levels  at  13 
to  14  h  after  the  cytokine  challenge;  by  13  to  14  h  only  trace 
levels  of  serum  IL-6  were  still  detectable  in  these  control 
animals  (Table  II).  In  contrast,  mice  preinjected  with  the 
anti-MuIL-6  mAb  (20F3)  showed  elevated  sustained  B9 
bioactivity  in  the  circulation  but  a  reduction  in  the  induction 
of  fibrinogen  compared  to  the  mAb  controls  (Table  II). 
Thus  there  was  a  clear  dissociation  between  the  levels  of 
circulating  IL-6  and  the  in  vivo  fibrinogen  response 
(Table  II). 

Could  anti-IL-6  mAb  block  clearance  of  the  induced  IL-6 
or  did  Ag/antibody  complexes  induce  more  endogenous 
IL-6?  We  attempted  to  obtain  evidence  that  would  point  to 
one  or  the  other  hypothesis  by  asking  how  rapidly  did  the 
enhancement  of  circulating  IL-6  occur  in  the  anti-MuIL-6 
mAb-treated  mouse.  Table  III  shows  that  marked  paradoxi¬ 
cal  increases  in  circulating  IL-6  bioactivity  were  observed 
in  anti-MuIL-6  mAb-pretreated  mice  as  early  as  2  to  3  h 
after  administration  of  the  inducer  (either  TNF,  IL-1,  or 
LPS).  All  of  the  B9  bioactivity  described  in  Tables  II  and 
'II,  even  in  sera  from  anti-MuIL-6-treated  animals,  could 
be  completely  neutralized  in  cell  culture  by  the  further  ad¬ 
dition  of  anti-MuIL-6  mAb  20F3  (data  not  shown). 

That  the  marked  paradoxical  enhancement  of  IL-6  levels 
in  anti-IL-6  mAb-  and  (L-6-inducer-treated  animals  was 
observed  as  early  as  2  to  3  h  after  the  inducer  (Table  III) 
suggested  that  a  simple  block  in  IL-6  clearance  from  the 
circulation  was  not  the  complete  explanation.  Could  the 
IL-6  Ag/anti-IL-6  mAb  complex  per  se  be  an  efficient  in¬ 
ducer  of  IL-6  in  vivo?  Furthermore,  could  the  circulating 
IL-6  be  in  a  complex  that  was  not  bioavailable  in  vivo,  even 
though  it  had  clear-cut  ex-vivo  B9  activity? 

Exogenous  rlL-6/anti-!L-6  mAb  complexes  in  mouse 

Table  IV  summarizes  data  from  a  representative  experiment 
in  which  either  murine  rIL-6  or  rHuIL-6  complexes  to¬ 
gether  with  their  cognate  mAb  were  administered  i.p. 


Table  III 

Effect  of  preinjection  of  anri-ll-6  mAb  on  serum  IL-6  levels  in 
mice  administered  TNF  or  IL-I  or  LPS* 


Experimental 

Group 

Inducer 

mAb 

IL-6  <B9  U/ml) 

3  h 

6  h 

18  h 

i. 

Saline 

<4 

13 

<2 

2. 

TNF 

1,609 

171 

2 

3. 

TNF 

GL113 

1,316 

193 

<2 

4. 

TNF 

20F3 

7,848 

20,638 

2.684 

5. 

IL-1 

439 

11 

<2 

6. 

IL-1 

GUI  3 

94 

<2 

<2 

7. 

IL-1 

20F3 

2,092 

402 

52 

8. 

Saline6 

9 

9. 

LPS6 

6,624 

10. 

LPS6 

GL  113 

6,812 

11 

LPS6 

20F3 

65,341 

J  Anti-MulL-6  mAb  (20F3)  Of  control  mAb  (CL  113)  mAb  (600  pg/mouse) 
were  administered  i.p  betore  the  inducers.  TNF  5  pgor  IL-1  20  ng  or  LPS  S  pg 
per  mouse  were  administered  i.p. 

6  The  LPS  data  are  at  2  h  after  administration  of  the  inducer. 


Table  IV 

Serum  IL-6  levels  in  mice  injected  with  mixtures  of  rMu  or 
rHuIL-6  and  anti-MuIL-6  or  anti-HulL-6  mAb * 


Experimental 

Group 

Ag 

mAb 

IL-6  (B9  U/ml) 

Fibrinogen  (mg/dl) 

at  18-20  h 
(mean  £  SD) 

30  min 

1 20  min 

1. 

Saline 

<4 

242  £  4 

2. 

rMulL-6 

207 

43 

329  £  8 

3. 

rMulL-6 

20F3 

5,495 

13,688 

425  £  146 

4. 

rMulL-6 

GL113 

718 

86 

335  £  23 

5. 

5IL6-H1 7 

<4 

<4 

207  ±  24 

6. 

rHuIL-6 

5IL6-H1 7 

8,377 

14,644 

496  £  65  c 

7, 

rHuIL-6 

979 

280 

337  £  81 

*  rIL-6  1.25  pg/mouse,  anti-MuIL-6  mAb  (20F3)  and  control  mAb  (CL  113) 
100  pg/mouse;  anti-HulL-6  (5IL6-H17)  100  pg/mouse  mAb  and  rIL-6  were 
premixed  before  injection  i.p. 

bp  <  0.05  comparing  group  3  with  either  group  2  or  group  4  using 
Student's  f-test  and  ANOVA. 

c  p  <  0.05  comparing  group  6  with  either  group  5  or  group  7  using 
Student's  f-test  and  ANOVA. 


Markedly  elevated  levels  of  IL-6  were  seen  in  the  murine 
circulation  as  early  as  30  min  after  instillation  of  the  Ag / 
mAb  complexes.  There  were  commensurate  increases  in 
circulating  fibrinogen  levels  in  the  murine  rIL-6/anti- 
murine  IL-6  mAb  and  the  rHuIL-6/anti-HuIL-6  mAb- 
treated  animals.  Gearly,  this  rapid  appearance  of  IL-6  in  the 
murine  circulation  was  not  likely  to  be  due  to  new  synthesis 
of  IL-6  nor  due  to  a  block  in  IL-6  “clearance.”  Table  IV 
shows  that  the  fibrinogen  response  elicited  in  the  mouse  by 
a  combination  of  IL-6  and  its  “neutralizing”  mAb  was  more 
than  that  observed  using  rIL-6  alone. 

The  possibility  that  the  rapid  release  of  IL-6  into  the 
murine  circulation  in  experiments  such  as  in  Table  IV  was 
from  a  presynthesized  murine  store  such  as  an  endothelial 
cell  reservoir,  was  examined  in  experiments  in  which  the 
IL-6  present  in  the  murine  circulation  was  serotyped.  If  the 
circulating  IL-6  were  derived  from  a  murine  store  then  IL-6 
in  mice  administered  rHuIL-6/5IL6  mAb  should  be  of  the 
murine  serotype.  Table  V  summarizes  the  result  of  a  rep¬ 
resentative  IL-6  serotyping  experiment.  The  IL-6  seen  in 
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Table  V 

Serotvpmg  ot  circulating  IL-b  in  mice  administered  rIL  -b/anti-IL  b  mAh  mixtures  tin  Table  IV) 


Residual  11 -b  Tiler  i89  U/ml) 

Sample 

Pre  immune 
serum 

anti-Muil-b 

serum 

control 
mAb  IlgCl  1 

jnti-HoiL-6 
mAb  ISIL6-H17) 

rMulL-6/anli-MulL-6  (20F3),  30  min 

9,404 

<10" 

11,233 

11,009 

rHull-6/anti-HulL-6  (5116),  30  min 

11,862 

11,662 

12,987 

33 

rMulL-6/anti-Mull-6  (20F3),  120  min 

17,861 

<I0-' 

20.231 

20,390 

rHulL-6/anti-HulL-6  (5IL6),  1 20  min 

29,469 

29,356 

24,898 

65  b 

Serotyping  controls 
rMull-6 

5.275 

CIO-* 

5,850 

5,304 

rHull-6 

1,447 

1,569 

1,515 

<10 

J  Titer  reflects  biologic  activity  of  minimally  diluted  mixtures  of  sample  and  antiserum.  Partial  activity  is  recovered  on  dilution  or  the  anubody/sample  mixture 
by  another  25-  to  1  OO-told  /see  comment  in  text). 

6  Shallow  slope  in  the  bioassay. 


the  circulation  in  the  mice  in  Table  IV  was  presynthesized 
in  the  laboratory.  The  circulating  IL-6  was  of  the  same 
serotype  that  had  been  used  in  the  injection  mixture.  Under 
these  experimental  conditions  the  presence  of  anti-IL-6 
mAb  in  the  injected  complexes  appeared  to  have  at  least 
three  effects:  1)  rapid  entry  of  rIL-6  from  the  peritoneum 
into  the  peripheral  circulation,  2)  long-term  maintainence 
of  IL-6  levels  in  the  peripheral  circulation,  and  3)  enhanced 
elicitation  of  a  fibrinogen  response.  So-called  “neutraliz¬ 
ing”  anti-IL-6  mAb  served  to  chaperone  rIL-6  into  (and 
around)  the  peripheral  circulation,  and  surprisingly  up- 
regulated  (L-6  biologic  activity  in  vivo.  That  the  murine 
rIL-6  and  the  anti-IL-6  mAb  in  the  sera  of  animals  injected 
i.p.  with  IL-6/mAb  complexes  is  in  a  state  of  dynamic  equi¬ 
librium  is  suggested  by  the  observation  that  although  the 
addition  of  rabbit  anti-murine  rIL-6  antiserum  blocked  B9 
bioactivity  in  cell  culture  assays  (as  in  Table  V),  further 
dilution  of  the  Ab/test  sample  mixtures  resulted  in  a  partial 
reappearance  of  B9  proliferation  activity  (data  not  shown). 

What  was  the  stoichiometry  needed  to  observe  the  chap¬ 
erone  effect  of  anti-IL-6  mAb  on  rIL-6  compared  to  that 
required  for  a  reduction  in  the  in  vivo  fibrinogen  response? 
Mixtures  containing  a  constant  amount  of  rHuIL-6  and  dif¬ 
ferent  amounts  of  anti-HuIL-6  mAb  were  administered  i.p. 
into  mice  and  the  circulating  B9  bioactivity  was  determined 
2  h  later,  and  the  fibrinogen  response  measured  18  h  later 
(Fig.  4).  It  is  clear  from  the  data  in  Figure  4  that  a  molar 
ratio  of  Ag  to  mAb  of  1:1  was  sufficient  to  observe  the 
chaperone  effect  of  anti-IL-6  mAb.  A  ratio  of  1 : 1  was  near- 
maximal  in  eliciting  enhanced  in  vivo  fibrinogen  response 
and  enhancing  circulating  IL-6  levels.  A  ratio  of  1:125 
blocked  the  enhanced  fibrinogen  response  even  though  the 
circulating  B9  bioactivity  was  elevated.  Thus,  under  these 
conditions  not  all  the  ex  vivo  measurable  circulating  IL-6 
was  available  in  vivo  to  elicit  an  hepatocyte  response.  The 
inhibition  of  the  fibrinogen  response  using  anti-IL-6  mAb 
at  ratios  of  1:25  to  1:125  is  all  the  more  striking  because 
it  is  to  be  compared  to  the  enhancement  of  fibrinogen  levels 
produced  by  the  isotype-matched  control  mAb.  That  ad¬ 
ministration  of  1 20  or  600  p.g  of  a  “control”  mAb  into  mice 


enhanced  fibrinogen  levels  suggests  that  the  control  mAb 
at  these  doses  can  itself  induce  endogenous  murine  IL-6. 
Indeed,  not  only  was  circulating  IL-6  detected  in  mice  even 
18  h  after  administration  of  600  p.g  of  control  mAb  (Fig. 
4 B  legend),  but  also  that  the  serotype  of  this  IL-6  was  con¬ 
sistent  with  its  being  endogenous  murine  IL-6  (not  shown). 


Biochemical  characterization  of  IL-6  in  murine 
circulation 

B9  bioassay  data  for  IL-6  levels  in  the  murine  circulation 
corresponded  to  IL-6  amounts  that  could  be  verified  by 
Western  blotting.  Thus,  in  Western  blots  using  the  appro¬ 
priate  anti-rHuIL-6  or  anti-murine  rIL-6  rabbit  antisera,  the 
expected  amounts  of  rHuIL-6  Ag  were  observed  in  sera  of 
animals  administered  rHuIL-6/anti-HuIL-6  mAb  com¬ 
plexes  in  Figure  4,  and  the  expected  amounts  of  murine 
IL-6  Ag  were  observed  in  sera  of  mice  injected  LPS  and 
20F3  in  Table  III  (data  not  shown).  Figure  5  summarizes  the 
results  of  several  G-200  gel-filtration  analyses  of  IL-6  in  the 
murine  circulation  in  representative  experimental  groups. 
Figure  5A  shows  that  B9  active  IL-6  in  a  mouse  adminis¬ 
tered  LPS  was  largely  of  low  molecular  mass  (20  kDa),  but 
that  IL-6  from  a  mouse  pretreated  with  anti-murine  IL-6 
mAb  (20F3)  and  then  administered  LPS  was  largely  of  high 
molecular  mass  (200  kDa).  The  data  in  Figure  5 B  reconfirm 
that  IL-6  in  anti-murine  IL-6  and  LPS-treated  mice  was 
high  molecular  mass  (200  kDa)  and  show  that  circulating 
IL-6  in  a  mouse  administered  a  complex  of  both  murine 
rIL-6  and  anti-MuIL-6  mAb  was  also  200  kDa.  Figure  5C 
reports  that  in  a  mAb-free  mouse,  B9-bioactive  rHuIL-6 
behaved  largely  as  a  low  molecular  mass  species  (15-20 
kDa).  In  contrast,  the  B9-bioactive  and  ELISA-reactive 
rHuIL-6  administered  in  association  with  anti-HuIL-6  mAb 
(5IL6-H17)  was  largely  high  molecular  mass  (200  kDa) 
(Fig.  5C).  Taken  together.  Figure  5  shows  that  circulating 
IL-6  in  the  anti-IL-6  mAb-treated  mouse,  as  in  the  baboon 
(Fig.  2),  behaved  as  a  high  molecular  mass  complex  of  size 
200  kDa. 
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Hepatocyte  stimulating  activity  of  murine 
circulation-derived  IL-6 

What  is  the  ability  of  IL-6  in  the  murine  circulation  to 
stimulate  fibrinogen  synthesis  in  cell  cultures  of  the  rat 
hepatoma  line  Reuber  H35?  The  ability  of  sera  from  ani¬ 
mals  receiving  injections  with  IL-6/anti-lL-6  mAb  com¬ 
plexes  (Table  IV,  groups  3  and  6)  to  stimulate  fibrinogen 
synthesis  in  cultures  of  H35  hepatoma  cells  is  illustrated  in 
Figure  M.  All  four  sera  pools  from  animals  in  Table  IV, 
groups  3  and  6  (both  30-  and  120-min  groups)  were  able 
to  elicit  a  strong  enhancement  of  fibrinogen  synthesis  and 
secretion  in  H35  hepatoma  cells.  The  further  addition  of 
anti-murine  rIL-6  rabbit  Ab  did  not  affect  the  fibrinogen 
response  (Fig.  6 A).  This  is  remarkable  because  Table  V 
shows  that  the  addition  of  the  same  rabbit  anti-murine  rlL-6 


FIGURE  4.  Consequences  of  administering  rHulL-6/anti- 
HulL-6  mAb  complexes  i.p.  into  mice.  Mice  received  varying 
amounts  (different  molar  ratios)  of  anti-HulL-6  mAb  (5IL6- 
H1 7)  or  a  control  mAb  mixed  with  a  constant  amount  (0.5  pg) 
of  rHulL-6.  A,  Circulating  IL-6  titers  as  measured  in  the  B9 
bioassay  at  2  h  after  administering  the  IL-6/anti-IL-6  com¬ 
plexes  (■).  B,  Fibrinogen  levels  in  serum  at  18  h  after  admin¬ 
istering  either  the  IL-6/anti-IL-6  complexes  (Ml  or  the  IL-6/ 
control  mAb  (  )  mixtures.  At  1 8  h  the  IL-6  titers  (89  bioassay 
in  U/ml)  in  sera  of  mice  given  IL-6/anti-IL-6  complexes  (molar 
ratio  in  parentheses)  were  7634  (125),  9713  (25),  2734  (5). 
175  (1),  18  (0.2),  and  8  (0.04);  the  corresponding  titers  in 
animals  administered  rHulL-6  and  control  mAb  were  9  (125), 
<4  (25),  <4  (5),  <4  (1),  <4  (0.2),  <4  (0.04),  <4  (0),  and  <4 
(no  mAb  or  IL-6). 


10  20  30  40  SO 


Fraction  Number 


ta.o  § 

16.0  (Z 
14.0  $ 

12.0  a 

100 1 
8.0  j, 

6.0  | 

4.0  2 

2.0  ® 


FIGURE  5.  Sephadex  G-200  gel  filtration  analyses  of  IL-6 
present  in  murine  serum.  Aliquots  (1  ml)  of  murine  sera  cor¬ 
responding  to  different  experimental  groups  were  subjected 
to  G-200  gel  filtration  chromatography.  The  eluted  fractions 
were  assayed  in  the  B9  bioassay,  an  appropriate  ELISA,  or  in 
the  hepatocyte  assay  (as  in  Fig.  6).  A.  Serum  IL-6  B9  bioac¬ 
tivity  in  mice  2  h  after  administration  of  LPS  without  (■)  or 
with  preinjection  of  anti-MulL-6  mAb  20F3  (  ).  B,  Serum  IL-6 
B9  bioactivity  in  mice  preinjected  with  anti-MulL-6  mAb 
(20F3)  and  then  bled  2  h  after  administration  of  LPS  (■),  or  2 
h  after  coinjection  of  murine  rIL-6  and  anti-murine  IL-6  mAb 
(20F3)  (  ).  C,  Serum  IL-6  B9  bioactivity  in  mice  1  h  after 
administration  of  rHulL-6  (  ;  right  y-axis)  or  2  h  after  admin¬ 
istration  of  rHulL-6/anti-HulL-6  mAb  complexes  (■;  left 
y-axis).  The  latter  fractions  were  also  reassayed  using  the 
71L6/5IL6  ELISA  (•). 


Ab  to  samples  from  Table  IV,  group  3  (30-  and  120-<nin 
groups)  inhibited  the  IL-6  bioactivity  in  the  B9  assay.  Taken 
together,  the  data  point  to  a  dissociation  between  the  ability 
of  anti-murine  rIL-6  Ab  to  inhibit  IL-6-mediated  hepato¬ 
cyte  stimulation  compared  to  B9  proliferation. 
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FIGURE  6.  Stimulation  of  fibrinogen  synthesis  and  secre¬ 
tion  by  H35  Reuber  hepatoma  cells  in  response  to  mouse- 
serum-derived  IL-6.  In  the  experiments  in  A  and  B,  recombi¬ 
nant  baculovirus-vector-derived  murine  rlL-6  was  used  as  the 
assay  standard;  concentrations  are  expressed  in  ng/ml.  A, 
Duplicate  lanes  show  the  stimulation  of  fibrinogen  synthesis 
using  a  1/20  dilution  of  sera  from  groups  3  (3,  30  min  and  9, 
120  min)  and  6  (6,  30  min  and  12,  120  min)  of  Table  IV.  In 
3  and  9  a  complex  of  murine  rlL-6/anti-murinell-6  mAb  was 
administered,  and  in  6  and  1 2  a  complex  of  rHulL-6/anti- 
HulL-6  mAb  was  administered.  Duplicate  lanes  marked  Ab 
include  1/100  dilution  of  a  rabbit-anti-murine  rlL-6  serum 
(comparable  to  the  B9  neutralization  data  in  Table  V).  B, 
Duplicate  lanes  marked  (50,  20,  or  Ab)  show  stimulation  of 
fibrinogen  synthesis  in  H35  cells  in  response  to  a  1/50  dilu¬ 
tion,  a  1/20  dilution,  or  a  1/50  dilution  plus  Ab  (1/100  dilu¬ 
tion  of  rabbit  anti-murine  rlt-6)  of  G-200  elution  fractions  6, 
8,  and  10  (f6,  f8,  or  flO)  derived  from  the  murine  rll-6/anti- 
murine  IL-6  coinjection  (2  h)  group  in  Figure  50. 


Do  high  molecular  mass,  B9-bioactive  murine  IL-6  com¬ 
plexes  have  hepatocyte  stimulating  activity?  Aliquots  of 
individual  fractions  across  the  200-  to  300-kDa  peak  were 
assayed  for  their  ability  to  stimulate  fibrinogen  synthesis  in 
H35  Reuber  cells  (Fig.  6 B).  Figure  60  illustrates  that  each 
of  the  high  molecular  mass  fractions  assayed  (f6,  f8.  flO) 
enhanced  fibrinogen  synthesis  in  H35  cells.  Paradoxically, 
the  addition  of  "neutralizing”  (in  the  B9  bioassay)  rabbit 
anti-murine  rIL-6  Ab  markedly  enhanced  the  fibrinogen 
stimulation  observed,  perhaps  because  of  its  ability  to  free 
IL-6  from  its  complexes.  In  other  experiments  we  have 
observed  that  control  Ag/Ab  complexes  do  not  enhance 
fibrinogen  synthesis  in  Reuber  H35  cells  (data  not  shown). 
The  observations  summarized  in  Figure  6  prompt  the  ques¬ 
tion:  does  anti-murine  IL-6  mAb  20F3  neutralize  the  ac¬ 
tivity  of  murine  rIL-6  in  the  H35  Reuber  hepatoma  assay? 
When  murine  rIL-6  was  mixed  with  mAb  20F3  at  different 
molar  ratios  in  the  range  1:125  to  1:0.04  and  the  mixtures 
then  assayed  in  both  the  H35  hepatoma  assay  and  in  the  B9 
proliferation  assay,  the  mAb  20F3  blocked  the  activity  of 
murine  rlL-6  in  the  B9  assay  at  a  molar  ratio  of  1:1  of 
higher,  but  left  unaffected  or  even  enhanced  the  ability  of 
murine  rIL-6  to  stimulate  fibrinogen  synthesis  in  the  hep¬ 
atocyte  assay  (data  not  shown).  We  have  also  observed  that 


rabbit  anti-murine  IL-6  Ab  enhanced  the  ability  of  murine 
rfL-6  to  stimulate  fibrinogen  synthesis  in  H35  cells  al¬ 
though  inhibiting  any  B9  cell  growth  activity  (data  not 
shown).  Thus,  the  inhibition  of  the  fibrinogen  response  by 
preinjected  anti-murine  IL-6  mAb  (20F3)  in  vivo  (Table  II) 
may  not  reflect  an  intrinsic  "neutralization”  of  the  hepa¬ 
tocyte  activity  of  endogenous  murine  IL-6,  but  a  seques¬ 
tration  of  murine  IL-6  in  the  intravascular  compartment. 
Taken  together,  the  data  presented  in  this  article  suggest  the 
existence  of  a  novel  level  of  regulation  of  IL-6  action  in 
vivo-that  of  regulating  the  access  of  IL-6  to  its  target 
hep.uic  tissue. 

Discussion 

In  this  study  we  address  several  essential  questions  con¬ 
cerning  the  paradoxical  in  vivo  effects  of  anti-IL-6  neu¬ 
tralizing  antibodies.  First,  we  examine  the  biochemical 
characteristics,  size,  and  form  of  IL-6  in  circulation  of  ani¬ 
mals  (baboon  and  mice)  receiving  the  antibody.  Second,  we 
evaluate  the  effects  of  administering  “neutralizing"  anti¬ 
bodies  to  IL-6  in  vivo  as  indicated  by  the  uniquely  specific 
pathophysiologic  function  of  IL-6  of  inducing  fibrinogen  in 
hepatocytes  (11,  12),  with  simultaneous  determination  of 
IL-6  levels,  size,  and  form  in  circulation.  Third,  given  the 
dissociation  between  the  apparent  abrogation  with  prein¬ 
jected  antibody  of  in  vivo  IL-6  effects  and  the  increased  and 
sustained  presence  of  the  cytokine  in  circulation  in  a  com- 
plexed  form,  we  evaluate  whether  preformed  rHuIL-6/mAb 
or  murine  rIL-6/mAb  complexes  show  similar  dichotomy 
in  their  effects.  Fourth,  we  determine  whether  the  presence 
of  enhanced  levels  of  circulating  IL-6  occurs  through  in¬ 
duction  and/or  release  of  endogenous  IL-6. 

The  results  in  this  study  extend  our  previous  findings 
showing  that  IL-6  exists  in  the  peripheral  circulation  in  the 
form  of  complexes  with  other  proteins  (13).  The  new  data 
in  the  baboon  are  in  line  with  our  earlier  conclusion  that 
natural  human  IL-6  exists  in  plasma  or  serum  in  high  mo¬ 
lecular  mass  complexes  that  contain  additional  proteins 
(fragments  of  CRP.  C3,  C4  and  soluble  IL-6  receptor  gp80). 
In  the  two  experimental  species  used  in  our  study  (baboon 
and  mouse),  "neutralizing”  anti-IL-6  mAb  had  the  unex¬ 
pected  property  of  chaperoning  IL-6  (perhaps  together  with 
other  associated  proteins)  into  and  around  the  peripheral 
circulation  leading  to  a  paradoxical  sustained  elevation  of 
circulating  IL-6.  In  animals  passively  immunized  with  anti- 
IL-6  mAb,  there  appeared  to  exist  a  dynamic  equilibrium 
involving  IL-6  Ag,  IL-6  bioactivity,  mAb,  and  IL-6/mAb 
complexes.  In  this  situation,  depending  on  the  molar  ratio 
of  Ag  to  antibody,  anti-IL-6  mAb  could  either  enhance  or 
inhibit  the  ability  of  IL-6  present  in  the  intravascular  com¬ 
partment  to  elicit  hepatocyte  effects  in  vivo  (e.g„  stimu¬ 
lation  of  fibrinogen  levels),  even  though  there  was  a  uni¬ 
form  elevation  of  intravascular  IL-6  bioactivity.  Instillation 
of  a  mixture  of  rIL-6  and  anti-IL-6  mAb  i.p.  into  mice 


journal  of  Immunology 


3235 


showed  that  a  1 : 1  ratio  between  Ag  and  antibody  was  es¬ 
sentially  sufficient  for  the  chaperoning  effect.  The  net  effect 
of  mAb  was  to  enhance  the  speed  and  the  magnitude  with 
which  rIL-6  instilled  i.p.  entered  the  peripheral  circulation, 
and  the  duration  that  it  remained  in  the  peripheral  circu¬ 
lation.  In  essence,  surprisingly,  anti-IL-6  mAb  enhanced  the 
in  vivo  biologic  potency  of  exogenously  administered  rIL-6 
at  least  with  respect  to  the  fibrinogen  response. 

Convincing  passive  immunization  experiments  using 
anti-IL-6  mAb  in  animal  models  have  been  difficult.  Vink 
et  al.  (14)  reported  that  an  anti-murine  IL-6  mAb  and/or  an 
anti-murine  IL-6R  mAb  administered  in  vivo  were  able  to 
inhibit  the  growth  of  an  IL-6-dependent  plasmacytoma  tu¬ 
mor  (14).  Strassmann  et  al.  (16)  reported  that  the  anti¬ 
murine  IL-6  mAb  20F3  reduced  tumor-induced  cachexia  in 
rodent  models;  these  authors  reported  that  circulating  IL-6 
levels  were  only  partially  reduced  in  this  “chronic”  induc¬ 
tion  situation.  Neta  et  al.  (20)  have  confirmed  the  ability  of 
20F3  to  inhibit  the  stimulation  of  fibrinogen  and  to  block 
the  hypoglycemic  response  and  the  endocrine  response  (el¬ 
evations  of  serum  cortisone  and  ACTH)  in  mice  adminis¬ 
tered  LPS,  TNF,  or  IL-1  (20,  31).  In  contrast,  Mihara  et  al. 
(32)  reported  that  an  anti-IL-6  mAb  enhanced  the  stimu¬ 
lation  of  circulating  Ig  levels  in  mice  in  response  to  rIL-6 
administration. 

Our  previous  results  showed  that  anti-HuIL-6  mAb 
5IL6-H17  led  to  enhanced  circulating  levels  of  IL-6  in  ani¬ 
mals  administered  IL-6  inducers  (17).  Paradoxical  eleva¬ 
tion  of  biologically  assayed  IL-6  levels  in  anti-IL-6  mAb- 
treated  animals  concomitant  with  a  reduction  in  LPS- 
induced  pathophysiologic  effects  has  also  been  reported 
(19).  The  detection  of  B9-bioassay-active  complexes  of 
anti-IL-6  mAb  and  IL-6  in  sera  of  anti-IL-6  mAb-treated 
myeloma  patients  has  also  been  described  (18). 

In  our  study  mAb  against  murine  IL-6  given  to  mice 
before  IL-6  inducer,  reduced  the  levels  of  fibrinogen  in 
circulation,  whereas  the  same  antibody  given  complexed 
with  murine  rIL-6  resulted  in  a  greater  response.  Stimula¬ 
tion  of  the  fibrinogen  response  in  vivo  by  IL-6  in  the  latter 
animals  was  crucially  dependent  on  the  molar  ratio  between 
Ag  and  antibody.  Under  appropriate  experimental  condi¬ 
tions  (Ag  to  mAb  ratio  approximately  1:125)  there  was  a 
dissociation  between  the  abilty  of  in  vivo-derived  IL-6  to 
stimulate  plasma  protein  synthesis  in  hepatocytes  (de¬ 
creased)  and  to  stimulate  B9  cell  proliferation  (increased). 
That  IL-6  existed  in  the  mAb-treated  animals  in  vivo  as  part 
of  a  large  complex  of  approximate  molecular  mass  200-kDa 
provides  an  example  of  how  “associated”  proteins  can 
modulate  the  pharmacology  and  function  of  this  cytokine. 

That  anti-IL-6  mAb  enhanced  the  rapid  entry  of  rIL-6 
from  the  peritoneal  cavity  into  the  peripheral  circulation  in 
less  than  30  min  points  to  the  existence  of  an  unusual 
mechanism  for  handling  cytokine/mAb  complexes.  The 
present  data  indicate  that  a  molar  ratio  of  1:1  between  Ag 
and  antibody  suffices  for  IL-6  to  be  chaperoned  efficiently 


into  the  circulation.  Is  it  possible  that  there  exist  proteins 
other  than  mAb  that  serve  this  chaperone  function  in  vivo? 
The  demonstration  that  the  bulk  of  IL-6  in  mAb-free  ba¬ 
boon  plasma  as  assayed  by  Western  blotting  exists  in  a 
complex  of  mass  400  kDa  suggests  that  the  answer  to  this 
question  is  yes.  Conceptually,  it  would  indeed  be  an  ad¬ 
vantage  if  specific  proteins  were  able  to  physiologically 
chaperone  a  "systemic”  cytokine  such  as  IL-6  from  its  sites 
of  local  production  (local  infection  or  tissue  injury)  into  the 
peripheral  circulation.  That  IL-6  ordinarily  exists  as  a  high 
molecular  mass  complex  in  human  and  baboon  plasma 
(even  in  the  absence  of  mAb)  points  to  the  existence  of 
other  cytokine  chaperones.  The  ability  of  anti-IL-6  Ab  to 
“unmask”  and  enhance  IL-6  bioactivity  in  H35  hepatoma 
cells,  but  nol  the  B9  cell,  bioasssav  from  such  complexes 
(Fig.  6)  is  an  unexpected  result  that  is  suggestive  of  the 
presence  of  inhibitory  IL-6  chaperones  in  vivo. 

Although  our  report  deals  exclusively  with  IL-6  and  its 
interactions  with  other  proteins  in  the  peripheral  circula¬ 
tion.  the  data  lead  us  to  consider  the  more  general  question 
of  cytokine  chaperones.  Finkelman  et  al.4  have  recently 
reported  that  anti-IL-4  mAb  can  also  enhance  the  biologic 
effects  of  1L-4  in  vivo.  Thus,  mAb-mediated  chaperoning 
of  cytokines  may  be  a  general  phenomenon.  Do  chaperone 
proteins  other  than  mAb  exist  for  other  cytokines?  Clearly 
the  presence  of  soluble  circulating  receptors  for  various 
cytokines  suggests  that  the  answer-  i'.  yes.  The  possibility 
that  other  nonreceptor  proteins  are  involved  in  the  transport 
of  cytokines  in  vivo  opens  up  a  new  area  of  research.  The 
related  question  of  bioavailability  of  cytokines  in  vivo  as 
distinct  from  its  biologic  activity  as  measured  ex  vivo  in 
different  assays  is  an  important  one.  This  question  takes  on 
added  significance  as  various  cytokines,  in  particular  IL-6, 
move  into  the  clinic  as  therapeutic  agents  (33). 
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Opportunistic  bacterial  infections  are  the  predominant  cause  of  death  following  mydosuppressive  radiation 
exposure.  When  used  atone,  a  variety  of  immunomodulators  and  antibiotics  have  been  reported  to  reduce 
radiation-induced  death.  In  these  studies,  the  combined  therapeutic  effects  of  the  immunomodulator  glucan 
and  the  quinotone  antibiotic  pefloxacin  were  evaluated  for  survival-enhancing  effects  in  myetoauppressed 
C3H/HeN  mice.  Mice  were  exposed  to  7.9  Gy  of  whole-body  *°Co  radiation  and  treated  with  saline,  glucan  (250 
mg/kg  of  body  weight  intravenously,  1  h  after  irradiation),  pefloxacin  (64  mg/kg/day  orally,  days  3  to  24  after 
irradiation),  or  glucan  plus  pefloxacin.  Survival  30  days  after  irradiation  in  mice  receiving  these  respective 
treatments  was  25, 48, 7,  and  85%.  Evaluation  of  granulocyte-macrophage  progenitor  cell  (GM-CFC)  recovery 
in  mice  receiving  these  treatments  revealed  that,  compared  with  recovery  in  saline-treated  mice,  glucan 
stimulated  GM-CFC  recovery,  pefloxacin  suppressed  GM-CFC  recovery,  and  glucan  administered  in 
combination  with  pefloxacin  could  override  pefloxadn’s  hemopoietic  suppressive  effect. 


Exposure  to  whole-body  radiation  induces  mortality  that 
is  associated  with  bacteremia  caused  primarily  by  endoge¬ 
nous  intestinally  derived  bacteria  (1).  Previous  studies  have 
demonstrated  the  usefulness  of  the  quinoione  pefloxacin  in 
reducing  mortality  in  irradiated  B6D2F1  mice  (2).  The  effi¬ 
cacy  of  pefloxacin  was  attributed  to  its  activity  against 
facultative  intestinal  bacterial  flora.  Pefloxacin  may  have 
exerted  its  antibacterial  activity  either  directly  against  or¬ 
ganisms  within  the  intestinal  lumen  or  systemicaliy  against 
translocated  bacteria. 

In  contrast  to  previous  work  with  B6D2F1  mice,  prelimi¬ 
nary  studies  using  pefloxacin  therapy  in  irradiated  C3H/HeN 
mice  indicated  that  pefloxacin  therapy  actually  enhanced 
mortality  after  irradiation  in  these  animals.  It  has  been 
observed  that  endogenous  gastrointestinal  bacterial  floras 
differ  in  these  two  strains  of  mice,  with  more  gram-negative 
enteric  aerobic  as  well  as  facultative  and  strict  anaerobic 
organisms  present  in  C3H/HeN  mice  than  in  B6D2F1  mice 
(5a),  making  the  bacterial  flora  of  C3H/HeN  mice  quantita¬ 
tively  and  qualitatively  more  similar  to  that  of  humans. 
However,  mortality  following  irradiation  in  both  mouse 
strains  results  from  bacteremia  related  to  their  respective 
intestinally  derived  bacterial  flora.  Because  pefloxacin  is  a 
broad-spectrum  antibiotic  (14),  differences  in  the  endoge¬ 
nous  floras  of  these  two  mouse  strains  did  not  appear  to  be 
a  reasonable  explanation  for  the  survival  differences  ob¬ 
served  in  these  irradiated  mice  following  pefloxacin  treat¬ 
ment.  In  addition  to  differences  in  endogenous  flora,  C3H/ 
HeN  and  B6D2F1  mice  differ  in  bone  marrow  and  splenic 
hemopoietic  stem  and  progenitor  cell  numbers,  with  fewer  of 
these  cells  present  in  C3H/HeN  mice.  For  example,  we  have 
observed  that  B6D2F1  femoral  bone  marrow  contains  ap¬ 
proximately  6,500  multipotent  spleen  CFU  and  11,500  gran¬ 
ulocyte-macrophage  colony-forming  cells  (GM-CFC)  while 
C3H/HeN  femoral  bone  marrow  contains  only  about  2,000 
multipotent  spleen  CFU  and  3,500  GM-CFC  (21,  28).  Be¬ 
cause  quinoione  antibiotics,  including  pefloxacin,  have  been 
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reported  to  suppress  mammalian  cell  proliferation  (7,  8,  10, 
13),  we  hypothesized  that  the  increased  mortality  observed 
following  pefloxacin  treatment  in  C3H/HeN  mice  whose 
hemopoietic  system  has  already  been  critically  depleted  by 
irradiation  may  be  due  to  suppressed  proliferation  of  the  few 
surviving  hemopoietic  stem  and  progenitor  cells. 

We  have  previously  demonstrated  that  glucan,  a  beta-1,3- 
polysaccharide  immunomodulator,  is  capable  of  enhancing 
hemopoietic  regeneration  and  increasing  survival  when  ad¬ 
ministered  to  C3H/HeN  mice  following  irradiation  (20,  25, 
27).  Specifically,  glucan  therapy  has  been  demonstrated  to 
accelerate  repopulation  of  multipotent  hemopoietic  stem 
cells,  as  well  as  hemopoietically  committed  granulocyte- 
macrophage,  pure  macrophage,  and  etythroid  progenitor 
cells.  The  survival-enhancing  and  hemopoietic  activities  of 
glucan  have  been  correlated  with  its  ability  to  activate 
macrophages,  resulting  in  the  production  of  macrophage- 
derived  hemopoietic  growth  factors  as  well  as  enhanced 
macrophage-mediated  defense  against  opportunistic  infec¬ 
tions  (19,  22,  24).  Hence,  if  pefloxacin  were  to  inhibit 
hemopoietic  regeneration  in  already  critically  myelosup- 
pressed  mice,  glucan  therapy  may  be  able  to  override  these 
suppressive  hemopoietic  effects  while  permitting  the  benefi¬ 
cial  antimicrobial  effects  of  pefloxacin  to  be  maintained. 

The  studies  described  here  were  designed  to  (i)  document 
the  deleterious  effects  of  pefloxacin  in  irradiated  C3H/HeN 
mice,  (ii)  investigate  whether  pefloxacin  inhibits  hemopoietic 
recovery  in  C3H/HeN  mice  following  radiation-induced  my- 
elosuppression,  and  (iii)  evaluate  whether  glucan  therapy 
could  be  used  to  override  the  deleterious  effects  of  pefloxa¬ 
cin  in  irradiated  C3H/HeN  mice. 

MATERIALS  AND  METHODS 

Mice.  C3H/HeN  female  mice  (about  25  g)  were  purchased 
from  Charles  River  Laboratories  (Raleigh,  N.C.).  Mice  were 
maintained  in  Micro-Isolator  cages  (Lab  Products,  May- 
wood,  N.J.)  on  hardwood-chip  contact  bedding  and  were 
provided  commercial  rodent  chow  and  acidified  water  (pH 
2.5)  ad  libitum.  Three  days  prior  to  experimentation  and 
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throughout  the  experiments,  tap  water  containing  0.03  mg  of 
ascorbic  acid  per  ml  was  substituted  for  acidified  water. 
Animal  rooms  were  equipped  with  full-spectrum  light  from 
0600  to  1800  h  and  were  maintained  at  21  ±  1°C  with  50%  ± 
10%  relative  humidity,  with  at  least  10  air  changes  of  100% 
conditioned  fresh  air  per  h.  Upon  arrival,  all  mice  were 
tested  for  Pseudomonas  infection  and  quarantined  until  test 
results  were  obtained.  Only  healthy  mice  were  released  for 
experimentation.  The  Institute  Animal  Care  and  Use  Com¬ 
mittee  approved  all  experiments  prior  to  performance.  Ani¬ 
mals  were  maintained  in  a  facility  accredited  by  the  Ameri¬ 
can  Association  for  the  Accreditation  of  Laboratory  Animal 
Care,  and  research  was  conducted  according  to  the  princi¬ 
ples  enunciated  in  reference  13a. 

Irradiation.  The  “Co  source  at  the  Armed  Forces  Radio- 
biology  Research  Institute  was  used  to  administer  bilateral 
total-body  gamma  radiation.  Mice  were  placed  in  ventilated 
Plexiglas  containers  and  irradiated  at  a  dose  rate  of  0.4 
Gy/min.  Dosimetry  was  determined  by  ionization  chambers 
(31),  with  standards  traceable  to  the  National  Institute  of 
Standards  and  Technology.  The  tissue-to-air  ratio  was  de¬ 
termined  to  be  0.96,  and  the  dose  variation  within  the 
exposure  field  was  <3%. 

Pefloxacin  therapy.  Peiloxacin  methanesulfonatedihydrate 
powder  (henceforth  referred  to  as  pefloxacin)  was  obtained 
from  Rhone-Poulenc  Sante  (Antony,  France).  Pefloxacin 
therapy  was  initiated  3  days  after  irradiation.  In  dose- 
response  experiments,  pefloxacin  was  prepared  in  tap  water 
and  administered  to  mice  in  0.5-ml  volumes  at  doses  of  32, 
64,  or  320  mg/kg  of  body  weight  per  day  by  oral  gavage, 
using  a  blunt-end  20-gauge  feeding  needle  attached  to  a  3-ml 
syringe.  In  all  other  experiments,  pefloxacin  was  prepared  in 
tap  water  at  the  concentration  of  0.6  mg/ml  and  substituted 
for  tap  water  in  the  mouse  cage  water  bottles.  As  recom¬ 
mended  by  the  manufacturer,  0.03  mg  of  ascorbic  acid  per  ml 
was  added  to  the  tap  water  to  stabilize  pefloxacin  activity. 
Preliminaiy  studies  using  high-performance  liquid  chroma¬ 
tography  (18)  to  measure  serum  pefloxacin  levels  verified 
pefloxacin  absorption  following  both  oral  gavage  and  water 
bottle  administration.  One  hour  following  administration  of 
64  mg  of  pefloxacin  per  kg  by  oral  gavage,  the  mean  serum 
pefloxacin  concentration  was  2.6  ±  0.4  y,g/ml;  similarly, 
mice  maintained  on  pefloxacin-containing  tap  water  for  5 
days  exhibited  a  mean  serum  pefloxacin  concentration  of  1.8 
±  0.5  tig/ml.  The  pefloxacin  concentration  to  be  used  for 
water  bottle  administration  was  based  on  preliminary  studies 
in  which  it  was  determined  that  the  daily  consumption  of  tap 
water  in  mice  exposed  to  7.9  Gy  of  “Co  was  approximately 
2.6  ml.  Hence,  pefloxacin  at  a  concentration  of  0.6  mg/ml 
would  allow  ingestion  of  approximately  1.6  mg  of  pefloxacin 
per  mouse  per  day,  or  the  64-mg/kg  recommended  daily  dose 
(9).  Water  consumption  in  mice  receiving  pefloxacin  was 
also  monitored  to  verify  pefloxacin  intake. 

Glucan  therapy.  Endotoxin-free  glucan  was  purchased 
from  Tulane  University  School  of  Medicine  (New  Orleans, 
La.).  This  glucan  preparation  was  a  soluble  (l-3)-beta-D- 
glucan  isolated  from  the  inner  cell  wall  of  Saccharomyces 
cerevisiae  (4).  Glucan  was  intravenously  administered  1  h 
after  irradiation  at  a  dose  of  5  mg  per  mouse.  This  dose  has 
previously  been  demonstrated  to  be  an  effective  hemopoietic 
stimulant  in  irradiated  C3H/HeN  mice  (25).  Control  mice 
were  injected  intravenously  with  saline. 

Survival  assays.  Mice  entered  into  survival  studies  were 
irradiated  with  7.9  Gy  of  “Co.  In  preliminaiy  studies,  this 
radiation  dose  was  determined  to  be  lethal  for  approximately 
80%  of  tap-water-maintained  mice  within  30  days  postexpo¬ 


sure.  Survival  of  irradiated  mice  was  checked  and  recorded 
daily  for  30  days;  on  day  31,  surviving  mice  were  euthanized 
by  cervical  dislocation.  Each  treatment  group  consisted  of 
10  to  20  mice;  experiments  were  repeated  three  to  five  times. 

Hemopoietic  assays.  The  endogenous  spleen  CFU  (E- 
CFU)  assay  (34)  was  used  in  initial  studies  to  screen  for 
pefloxacin-induced  inhibition  of  hemopoiesis.  Mice  were 
exposed  to  6  Gy  of  “Co  radiation  to  partially  ablate  endog¬ 
enous  hemopoietic  stem  cells  yet  ensure  the  survival  of  all 
mice  for  at  least  the  12  days  required  for  E-CFU  detection. 
On  day  12  postirradiation,  mice  were  euthanized  by  cervical 
dislocation  and  the  spleens  were  removed.  Spleens  were 
fixed  in  Bouin’s  solution,  and  grossly  visible  spleen  colonies, 
arising  from  the  clonal  proliferation  of  surviving  endogenous 
multipotent  hemopoietic  stem  cells,  were  counted.  Each 
treatment  group  consisted  of  five  mice.  Experiments  were 
repeated  three  times. 

In  additional  studies,  the  effects  of  pefloxacin  on  regener¬ 
ation  of  hemopoietic  progenitor  cells  committed  to  GM-CFC 
development  were  assayed  by  a  previously  described  agar 
GM-CFC  assay  (23).  Mouse  endotoxin  serum  (5%,  vol/vol) 
was  added  to  feeder  layers  as  a  source  of  colony-stimulating 
factors.  Colonies  (>50  cells)  were  counted  after  10  days  of 
incubation  in  a  37°C  humidified  environment  containing  5% 
C02.  The  cell  suspensions  used  for  these  assays  consisted  of 
tissues  from  three  normal,  irradiated,  or  treated  and  irradi¬ 
ated  mice  at  each  time  point.  Femurs  and  spleens,  both 
major  hemopoietic  organs  in  mice,  were  removed  from  mice 
euthanized  by  cervical  dislocation.  Cells  were  flushed  from 
femurs  with  3  ml  of  McCoy’s  5A  medium  (Flow  Laborato¬ 
ries,  McLean,  Va.)  containing  10%  heat-inactivated  fetal 
bovine  serum  (HyCIone,  Logan,  Utah).  Spleens  were 
pressed  through  a  stainless-steel  mesh  screen,  and  the  cells 
were  washed  from  the  screen  with  6  ml  of  medium.  The 
numbers  of  nucleated  cells  in  the  suspensions  were  deter¬ 
mined  with  a  Coulter  counter.  Triplicate  samples  were 
plated  for  each  cell  suspension  in  each  experiment,  and 
experiments  were  repeated  three  times. 

Microbiological  assays.  Mice  were  exposed  to  7.9  Gy  of 
“Co,  and  five  mice  from  each  treatment  group  were  ran¬ 
domly  selected  for  microbiological  evaluation  on  days  11, 
13, 15, 19,  and  22  after  irradiation.  Animals  were  euthanized 
by  cervical  dislocation,  and  the  entire  liver  of  each  mouse 
was  excised  aseptically  and  weighed  to  the  nearest  milli¬ 
gram.  Organs  were  then  added  to  a  volume  of  sterile  0.9% 
NaCl  solution  equivalent  to  1.0  ml/100  mg  of  tissue  and 
homogenized  in  ground-glass  homogenizers  (Bellco,  Vine- 
land,  N.J.)  at  a  moderate  speed.  The  homogenates  were  then 
inoculated  onto  media  supportive  for  the  growth  of  faculta¬ 
tive  and  aerobic  bacteria  by  using  sheep  blood,  tryptic  soy, 
and  MacConkey  agars.  The  number  of  bacterial  CFU  per 
gram  of  liver  was  calculated  from  the  number  of  colonies 
that  grew  on  each  medium.  Aerobic  plates  were  incubated  at 
35°C  in  air  containing  5%  C02  and  were  observed  after  24 
and  48  h.  Isolates  were  identified  by  standard  criteria  (16, 
33). 

Statistics.  With  the  exception  of  survival  data,  all  results 
are  presented  as  the  mean  ±  1  standard  error  of  the  mean. 
Survival  data  were  analyzed  by  the  generalized  Savage 
(Mantel-Cox)  procedure  (15).  All  other  data,  unless  noted 
otherwise,  were  compared  by  the  Newman-Keul’s  multiple 
comparison  test  following  a  significant  one-way  analysis  of 
variance.  In  cases  when  variances  among  treatment  groups 
were  not  uniform,  comparisons  were  made  by  a  Behrens- 
Fischer  t  test  with  P  values  Bonferroni  corrected  (32).  All 
multipie-comparison  tests  were  run  at  the  5%  level. 
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FIG.  1.  Effects  of  pefloxacin  (Pef),  gtucan  (Glu),  and  glucan-pefloxacin  treatments  on  survival  of  irradiated  C3H/HeN  mice.  Mice  were 
exposed  to  7.9  Gy  of  “Co  and  administered  either  pefloxacin  (0.6  mg/ml  in  drinking  water  on  days  3  to  24  after  irradiation),  glucan  (5  mg  per 
mouse  intravenously  1  h  after  irradiation),  or  both  treatments.  Survival  was  monitored  daily  for  30  days.  Data  are  a  composite  Grom  five 
experiments,  totaling  65  mice  per  treatment  group.  RC,  radiation  control  mice. 


RESULTS 

Survival  studies.  Mortality-enhancing  effects  of  pefloxacin 
were  consistently  observed  in  irradiated  C3H/HcN  mice.  On 
the  basis  of  three  experiments,  the  average  30-day  survival 
in  mice  exposed  to  7.9  Gy  of  “Co  and  treated  with  peflox¬ 
acin  was  5.7%  ±  2.9%,  compared  with  25.7%  ±  3.0%  in 
radiation  control  mice  (P  <  0.05;  n  =  45  in  each  treatment 
group). 

The  ability  of  glucan  therapy  to  override  the  mortality¬ 
enhancing  effects  of  pefloxacin  therapy  in  irradiated  mice  is 
illustrated  in  Fig.  1.  This  figure  represents  composite  data 
from  five  experiments  totaling  65  mice  per  treatment  group. 
In  contrast  to  the  reduced  survival  produced  by  pefloxacin 
therapy  alone  (5  versus  25%;  P  <  0.05),  glucan  therapy  alone 
enhanced  survival  compared  with  that  in  radiation  controls 
(48  versus  25%;  P  <  0.05).  Most  interesting,  however,  was 
the  ability  of  glucan-pefloxacin  treatment  to  enhance  sur¬ 
vival  beyond  that  observed  with  glucan  therapy  alone  (P  < 
0.05);  survival  in  combination-treated  mice  was  85%.  These 
phenomena  were  consistently  observed  in  each  of  the  five 
experiments  performed. 

We  initially  suspected  that  if  the  antibiotic-containing  tap 
water  produced  a  taste  aversion,  dehydration  may  adversely 
affect  survival  in  pefioxacin-treated  mice.  Figure  2  illustrates 
that  the  average  daily  water  consumption  in  pefioxacin- 
treated  mice  was  significantly  less  than  that  of  radiation 
control  mice.  However,  combination-treated  mice,  which 
exhibited  enhanced  survival  rather  than  impaired  survival, 
also  consumed  significantly  less  water  than  radiation  con¬ 
trols,  indicating  that  changes  in  water  consumption  could  not 
be  correlated  with  survival  effects. 

Hemopoietic  stem  and  progeuitor  cell  studies.  In  the  E-CFU 
assay,  multipotent  stem  cells  which  survive  the  myelosup- 
pressive  6-Gy  dose  of  radiation  should  seed  the  spleen  and 


clonally  proliferate  to  form  grossly  visible  spleen  colonies  by 
day  22  after  irradiation.  When  this  assay  was  used  to 
examine  pefloxacin  for  the  ability  to  inhibit  hemopoietic 
regeneration  in  myelosuppressed  mice,  a  dose-dependent 
reduction  in  E-CFU  numbers  was  observed  (Fig.  3).  The 
E-CFU  assay  required  that  animals  be  euthanized  on  day  12 
after  irradiation  to  count  the  spleen  colonies.  For  this 
reason,  mice  in  these  experiments  were  exposed  to  peflox¬ 
acin  for  only  10  days  (days  3  to  12)  instead  of  the  22-day 
pefloxacin  treatment  used  in  survival  studies  (days  3  to  24). 
Even  following  this  relatively  short  10-day  course  of  peflox¬ 
acin,  only  10.4  ±  0.5, 9.1  ±  0.3,  and  5.7  ±  0.6  colonies  were 
observed  in  mice  treated  with  32,  64,  and  320  mg  of  peflox¬ 
acin  per  kg  per  day,  respectively,  compared  with  12.2  ±  0.4 
colonies  in  radiation  control  mice. 

Because  the  dose-response  studies  demonstrated  the  abil¬ 
ity  of  pefloxacin  to  suppress  hemopoiesis,  the  involvement 
of  this  phenomenon  in  enhancing  mortality  in  irradiated  mice 
was  further  evaluated.  As  in  survival  studies,  mice  were 
exposed  to  7.9  Gy  of  “Co  and  provided  pefloxacin  in  the 
drinking  water.  On  days  11, 13, 15,  and  19  following  irradi¬ 
ation,  evaluations  were  performed  to  determine  the  numbers 
of  GM-CFC  progenitors  in  the  bone  marrow  and  spleen.  In 
the  same  experiments,  glucan-treated  mice  that  also  re¬ 
ceived  pefloxacin  were  evaluated  to  determine  whether 
pefloxacin-induced  hemopoietic  suppression  could  be  over¬ 
ridden  by  the  use  of  a  known  hemopoietic  stimulant.  Figure 
4  illustrates  the  results  of  these  studies.  Compared  with 
those  in  radiation  control  mice,  both  bone  marrow  and 
splenic  GM-CFC  recoveries  were  found  to  be  suppressed  in 
pefioxacin-treated  mice.  Bone  marrow  GM-CFC  values  in 
pefioxacin-treated  mice  on  days  13, 15,  and  19  after  irradia¬ 
tion,  respectively,  were  only  60,  46,  and  26%  of  radiation 
control  values.  These  data  suggest  that  GM-CFC  suppres- 


Vol.  37, 1993 


ADVERSE  EFFECTS  OF  FEFLOXACJN  IMS 


Water  Consumption  Per  Day  (mL) 


Treatment 

FIG.  2.  Effects  of  pefloxacin  (Pef),  glucan  (Glu),  and  glucan-pefloxacin  treatments  on  water  consumption  in  irradiated  C3H/HeN  mice. 
Mice  were  exposed  to  7.9  Gy  of  “Co  and  administered  either  pefloxacin,  glucan,  or  both  treatments  as  described  in  the  legend  to  Fig.  1.  Water 
consumption  was  measured  daily  through  day  24  of  the  experiment.  RC,  radiation  control  mice;  •,  P  <  0.05,  with  respect  to  radiation  control 
values  or  glucan  values.  Average  daily  water  consumption  in  nonirradiated  mice  was  2.8  ±  0.6  ml. 


sion  increases  with  the  duration  of  pefloxacin  treatment.  In 
the  spleen,  GM-CFC  recovery  was  not  detected  until  day  19 
in  radiation  controls  (11.6  ±  2.6  GM-CFC  per  spleen); 
however,  no  splenic  GM-CFC  recovery  was  detected  at  any 


time  in  pefloxacin-treated  mice.  In  contrast  to  mice  treated 
with  pefloxacin  alone,  mice  treated  with  glucan  alone  or 
glucan  plus  pefloxacin  exhibited  greater  bone  marrow  and 
splenic  GM-CFC  recovery  than  did  radiation  control  mice. 


E-cfu  Per  Spleen 


Pefloxacin  Dose  (mg/kg/d) 

FIG.  3.  Effect  of  pefloxacin  treatment  on  E-CFU  formation  in  C3H/HeN  mice.  Mice  were  exposed  to  6  Gy  of  “Co  and  on  days  3  to  12 
after  irradiation  were  administered  pefloxacin  by  oral  gsvage.  Data  are  a  composite  from  three  experiments,  totaling  15  spleens  per  treatment 
group.  *,  P  <  0.05,  with  respect  to  radiation  control  values  (0  mg/kg/day)  based  on  Dunnett’s  test. 
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However,  recovery  in  glucan-pefloxacin-treated  mice  was 
less  than  that  in  mice  treated  with  glucan  only,  indicating  an 
ability  of  pcfloxacin  to  dampen  glucan- induced  GM-CFC 
recovery.  For  example,  on  day  19  after  irradiation,  bone 
marrow  and  splenic  GM-CFC  recoveries  in  glucan-pefloxa- 
cin-treated  mice,  respectively,  were  only  52  and  24%  of 
recoveries  observed  in  mice  treated  with  glucan  only. 

MkroMoiofkal  studies.  A  Streptococcus  sp.,  Lactobacil¬ 
lus  spp.,  and  occasional  members  of  the  Enterobacteriaceae 
were  the  predominant  microorganisms  recovered  from  the 
livers  of  mice  at  all  time  points  after  irradiation.  The  pres¬ 
ence  of  these  organisms  may  represent  bacterial  transloca¬ 
tion  that  could  lead  to  sepsis.  Total  numbers  of  organisms  in 
individual  mice  varied  greatly,  and  bacteria  were  not  de¬ 
tected  in  all  specimens.  On  days  11  and  13  after  irradiation, 
the  total  number  of  microorganisms  per  gram  of  liver  in  mice 
treated  with  glucan,  pcfloxacin,  or  glucan  plus  pcfloxacin 
(log10  0.10  to  log,0  0.60)  was  less  than  the  total  number  of 
organisms  per  gram  of  liver  in  radiation  control  mice  (log10 
1.61  to  log,0  2.16).  In  all  mice,  the  total  number  of  organisms 
per  gram  of  liver  increased  from  day  15  through  day  19  after 
irradiation  and  then  decreased  on  day  22.  However,  on  day 
22  after  irradiation,  the  total  number  of  organisms  per  gram 
of  liver  in  giucan-treated  and  glucan-pefloxacin-treated  mice 
(logio  0.10  to  log10  0.11)  was  lower  than  in  radiation  control 
mice  or  mice  treated  with  pcfloxacin  only  (log10  0.69  to  log10 
2.32).  Interestingly,  no  members  of  the  Enterobacteriaceae 
were  found  in  mice  that  received  pcfloxacin  treatment.  Fungi 
were  not  detected. 

DISCUSSION 

This  study  demonstrates  that  pefloxacin  therapy  enhances 
mortality  following  exposure  of  C3H/HeN  mice  to  midlethal 
radiation  doses.  The  deleterious  effect  of  this  drug  appears  to 
be  due  to  an  inhibition  of  hemopoietic  progenitor  cell  prolif¬ 
eration,  which  could  be  corrected  through  the  administration 
of  the  hemopoietic  stimulant  glucan.  Although  pefloxacin 
appeared  to  reduce  the  number  of  gastrointestinal  members 
of  the  Enterobacteriaceae  that  translocated  through  the 
bloodstream  to  the  liver,  the  overall  effect  of  this  antimicro¬ 
bial  action  alone  was  not  beneficial  in  continually  myelosup- 
pressed  mice.  It  may  be  that  the  eradication  of  gram¬ 
negative  bacteria  by  pefloxacin  reduced  the  normal 
continuous  release  of  endotoxin  into  the  circulation.  Endo¬ 
toxin  in  small  amounts  induces  macrophages  to  produce 
interleukin- 1  and  other  cytokines,  including  hemopoietic 
growth  factors,  that  lead  to  increased  hemopoiesis.  The 
decreased  hemopoiesis  observed  following  pefloxacin  treat¬ 
ment  could  therefore  be  caused  indirectly  by  its  antibacterial 
activity  that  eliminates  the  slow  release  of  endotoxin.  The 
exact  cause  of  the  mortality  in  mice  treated  with  pefloxacin 
could  not  be  elucidated,  but  suppression  of  hemopoietic 
progenitor  cells  would  ultimately  inhibit  the  generation  of 
cells  essential  in  the  clearance  of  not  only  invading  organ¬ 
isms  but  also  cellular  debris  from  the  body.  Furthermore, 
renal  failure  or  electrolyte  imbalance  cannot  be  excluded  as 
possible  complications  leading  to  mortality. 


It  is  interesting  to  note  that  although  greatest  hemopoietic 
recovery  was  observed  in  mice  treated  with  glucan  alone, 
combination -treated  mice  exhibited  the  best  survival,  it  may 
be  that  glucan  in  combination  with  pefloxacin  was  able  to 
override  the  pefioxadn-induced  hemopoietic  suppression 
just  enough  to  allow  the  production  of  a  small  but  critical 
number  of  cells  necessary  for  survival  after  irradiation. 
Because  glucan  also  activates  endogenous  macrophage  pop¬ 
ulations,  which  tend  to  be  fairly  radioresistant  (30)  and  hence 
survive  radiation  exposures  such  as  that  used  in  our  studies, 
it  may  also  be  that  in  combination-treated  mice  pefloxacin 
reduced  the  bacterial  load  while  glucan-activated  macro¬ 
phages  assisted  in  controlling  the  residual  bacterial  burden 
and  scavenging  debris  even  prior  to  the  generation  of  new 
leukocytes. 

In  contrast  to  the  results  of  this  study  performed  with 
C3H/HeN  mice,  a  previous  study  demonstrated  the  ability  of 
pefloxacin  to  enhance  survival  in  irradiated  B6D2F1  mice 
(2).  Because  C3H/HeN  mice  contain  fewer  stem  and  progen¬ 
itor  ceils  than  B6D2F1  mice  (21,  28),  following  any  given 
radiation  dose,  these  cells  will  be  reduced  to  a  more  critical 
level  in  C3H/HeN  mice  than  in  B6D2F1  mice.  Therefore,  it 
is  tempting  to  attribute  the  detrimental  effects  of  pefloxacin 
on  survival  in  C3H/HeN  mice  to  a  radiation-induced  reduc¬ 
tion  in  stem  and/or  progenitor  cell  numbers  to  such  a  critical 
level  that  coupled  with  reduced  regeneration,  survival  is 
further  impaired.  For  example,  the  gamma  radiation  dose 
that  reduces  murine  femoral  GM-CFC  numbers  to  37%  (£>„) 
within  24  h  after  exposure  is  approximately  1.4  Gy  (17,  26). 
Since  B6D2F1  mice  contain  approximately  11,500  GM-CFC 
per  femur  while  C3H/HeN  mice  contain  only  about  3,500  per 
femur,  a  1.4-Gy  radiation  dose  would  theoretically  decrease 
femoral  GM-CFC  numbers  in  B6D2F1  mice  to  4,255  and 
those  in  C3H/HeN  mice  to  1,295.  Following  the  7.9-Gy 
radiation  dose  used  in  the  studies  presented  in  this  paper, 
only  about  15  GM-CFC  per  femur  would  be  expected  to 
survive  the  radiation  exposure.  Even  a  slight  inhibition  of 
the  proliferative  potential  of  these  few  progenitor  cells  may 
produce  a  survival  disadvantage.  The  effect  of  pefloxacin  in 
B6D2F1  mice  after  exposure  to  a  radiation  dose  biologically 
equivalent  to  that  used  in  our  C3H/HeN  mice  in  terms  of 
hemopoietic  injury  may  clarify  this  issue. 

Although  pefloxacin-induced  hemopoietic  inhibition  and 
mortality  were  demonstrated  in  our  studies,  it  turned  out 
that  mice  consumed  less  pefloxacin  than  had  been  antici¬ 
pated;  consumption  of  pefloxacin-treated  water  was  about 
1.75  ml/day  as  opposed  to  the  anticipated  2.6  ml/day.  Hence, 
the  average  pefloxacin  dose  per  mouse  was  only  1.05  mg/day 
(about  42  mg/kg/day).  Since  the  recommended  daily  peflox¬ 
acin  dose  is  64  mg/kg  (9),  even  greater  suppressive  effects 
might  have  been  observed  had  the  recommended  daily 
pefloxacin  dose  actually  been  consumed. 

In  addition  to  the  hemopoietic  inhibitory  effects  we  ob¬ 
served  in  C3H/HeN  mice,  deleterious  hemopoietic  effects 
have  been  reported  following  quinolone  administration  to 
humans  (11).  It  has  been  known  from  in  vitro  studies  that 
quinolone  antibiotics  can  penetrate  and  accumulate  within 


FIG.  4.  Effects  of  pefloxacin  (+),  glucan  (•),  and  glucan-pefloxacin  (■)  treatments  on  bone  marrow  (A)  and  spleen  (B)  GM-CFC  recovery 
in  irradiated  C3H/HeN  mice.  Mice  were  exposed  to  7.9  Gy  of  “Co  and  administered  either  pefloxacin,  glucan,  or  both  treatments  as  described 
in  the  legend  to  Fig.  i.  □,  radiation  control  mice.  Insets  expand  GM-CFC  responses  observed  at  early  time  points.  Above  the  standard1  error 
bars  are  indicated  significant  differences  between  radiation  control  and  pefloxacin  treatments  (*)  and  significant  differences  between  glucan 
and  glucan-pefloxacin  treatments  (+).  Average  GM-CFC  values  per  femur  and  per  spleen  from  nonirradiated  mice  were  1,924  t  80  and  1,360 
±  93,  respectively. 
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mammalian  cells  (5).  Although  less  toxic  to  mammalian  cells 
than  to  bacteria,  high  concentrations  (above  25  mg/I)  of 
quinokmes  have  been  shown  to  inhibit  mammalian  DNA 
replication  (7, 10, 13).  Additionally,  decreased  production  of 
superoxide  anion  by  human  polymorphonuclear  leukocytes, 
decreased  production  of  immunoglobulins  by  human  lym¬ 
phocytes,  reduced  lymphocyte  proliferation  in  response  to 
phytohemagglutinin ,  decreased  interleukin-2  production  by 
lymphocytes,  and  decreased  interleukin- 1  production  by 
monocytes  have  been  demonstrated  to  occur  following  in 
vitro  exposures  to  quinolones,  including  pefloxacin  (6,  8,  9, 
29). 

Since  in  some  instances  quinolones  have  shown  promise 
for  the  prevention  (2)  and/or  treatment  (3)  of  bacterial  sepsis 
in  irradiated  mice,  their  use  in  humans  exposed  to  radiation 
is  being  considered  (12).  However,  because  our  studies  in 
animals  demonstrate  that  the  quinolone  pefloxacin  can  sup¬ 
press  bone  marrow  recovery  and  inhibit  survival  following 
severe  radiation-induced  myelosuppression,  caution  in  the 
use  of  this  agent  in  severely  myelosuppressed  patients  may 
be  warranted  until  it  is  determined  whether  such  effects  can 
also  occur  in  humans.  Further  studies  are  needed  to  explore 
the  hemopoietic  effects  of  other  quinolones  in  irradiated 
animals  and  whether  in  addition  to  broad-spectrum  immu- 
nomodulators  such  as  glucan,  hemopoietic  growth  factors 
such  as  granulocyte  or  granulocyte-macrophage  colony- 
stimulating  factor  could  be  used  to  overcome  detrimental 
hemopoietic  effects,  should  they  occur. 
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